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The results of a Drogram to investigate the distribution of unsteady 

pressure on the blades of a stator blade row in an axial flow turbomachine 

which operated in the w&kes of an upstream rotor are presented. These 

unsteady pressure distributions were measured using a blade instrumented 

with a series of miniature pressure transducers which was developed in 

this pragram. Several geometrical and :low parameters--rotor/stator 

spacing, stator solid1 ty , and stator incidence angle--were varied to 

determine the influent? of these parameters on the unsteady response of 

the stator. 

1 
A major influence on the stator unsteady response is stator solidity. 

At high solidities, the blade-to-blade interference has a larger contri- 

bution. While the range of rotor/stator spacings investigated had a minor 

influence, the effect of stator incidence angle I s  significant. The data 

indicate the existence of an optimum positive incidence angle which 

minimizes the unsteady response. Further studies are recommended to 

determine the characteristics of the propagation of the rotor wakes over 

the etators and the behavior of the surfhce flow during this interaction. 
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Significance of the Investigation 

The turbomachine is a significant component in our society, used 

almost universally in power generation and in aircraft and marine 

propulsion. This device is used for the conversion of mechanical energy 

inm fluid energy, a pump or compressor, and fluid energy into mechanical 

energy, a turbine. 

The flow in a turbomachine is exceedingly complex. The fluid may be 

a compressible gas in which shock waves may occur or an incompressible 

liquid vith cavitation. The flow in a turbomachine is inherently unsteady 

and three dimensional with, in some cases, strong centrifugal and Coriolis 

forces. The blades may vibrate and will be influenced by other blades in 

the same blade row and in adjacent blade rows through potential flow 

interactions an? by interaction with the viscous wakes shed by upstreas. 

blades. 

A major effort in turbomachinery research is tc obtain an under- 

standing of the unsteady phenomena in such flows. Unsteady surface 

pressures are caused by the unsteady flows which occur on the blades. 

This causes unsteady forces and moments on the blades and, thus, results 

in mechanical vibration, airborne radiated noise, and inefficient 

operation. The present incomplete understanding of such flows is a 

significaat obstacle in obtaining the tarbornachinery performance charac- 

teriicics of reduced uoise and in cress^. fuel efficiency required in 

today's society. To achieve these goals, it is necessary that the 

+urbomachinery designer be able to predict the unsteady response of the 

blades as a function of available design parameters. 



Status of Existing Theoretical Knowledge 

Various mathematical models have been formulated to describe the 

unsteady flow in a turbomachine. Although the governing equations are 

known (momentum, energy, continuity , and state), their enormous complexity 

has thus far prevented a cqmplete solution. For exdm~'.c, ~ ! ? s  momentum 

equation gives three simultaneous, nonlinear, second degree, partial 

differential equations whose dependent varinblea, velccity and pressure, 

are functions of four independent -~ariables, time and three space variables. 

These equations can yield an approximate solution in steady flow, subject 

to certain simplifying assumptions, that has been shown to be an adequate 

approximation to certain types ~f ~ e a l  turbomachinery flows. In unsteady 

flow, however, the validity of assumptions made, and the resulting approxi- 

mate solutions have not beea deeonstrated to be adequate in describing 

real turbomachinery flows. 

Historirally, unsteady analyses were first performed for an isolated 

airfoil. Although it has been demonstrated that isolated airfoil analyses 

are inadequate representatiocs of flow in a turbomachine, it is valuable 

to examine isolated airfoil analyses for the i hniques used and the 

results obtained. Von klarman and Sears (1) and Sears (2) determined the 

unsteady lift of an isolated flat plate airfoil subjected to a small 

velocity disturbance normal Lo the chord. The solution is: 

- ivt L = npcV V e S(w)  , 
d 

with the lift acting at the quarter chord point at all times. The 

reduced frequency, w, is a nondimensional quantity proportional to the 

ratio of the airfoil chord to the wavelength of the disturbance, and 

S(w)  is the Sears function. The frequency of the disturbance is given 



3 

by V. The Sears funct ion,  p l o t t e d  on the  complex plane,  is shown i n  

Figure 1. 

The case of v e l o c i t y  pe r tu rba t ions  p a r a l l e l  t o  the  chord was con- 

s idered by Horlock (3) who obtained a  s o l u t i o n  f o r  t h e  unsteady l i f t  and 

moment of an  i s o l a t e d  f l a t  p l a t e  a i r f o i l  subjected t o  a  d ls turbance having 

components both p a r a l l e l  and perpendicular  t o  the  chord. The s o l u t i o n  

employs the  Horlock funct ion and has  a form similar t o  the  response t o  

a  perpendicular  disturbance.  The e f f e c t  of a  chordwise ( p a r a l l e l )  dis-  

turbance can be of the  same magnitude a s  the response t o  a  perpendicular  

disturbance i n  some s i t u a t i o n s .  Horlock ( 4 ) .  and Nauman and Yeh ( 5 )  

extended these  i s o l a t e d  a i r f o i l  analyses  t o  conslder t h e  e f f e c t s  of blade 

camber, Nauman and Yeh developed. design c h a r t s  t h a t  show the  v a r i a t i o n  of 

unsteady l i f t  a s  a  funct ion of blade camber, s t agger  angle ,  and reduced 

frequency. Holmes (6) has developed a  theory f o r  the  p red ic t ion  of the  

unsteady pressure  d i s t r i b u t i o n .  Holmes considered an i s o l a t e d  f l a t  p l a t e  

a i r f o i l  i n  incompressible, i n v i s c i d  flow a t  zero incidence,  subjected t o  

a  smal l  s inuso ida l  v e l o c i t y  f l u c t u a t i o n  perpendicular  t o  the  a i r f o i l .  

Meyers ( 7 ) .  considering the  same geometry a s  Holmes, solved f o r  the  

pzessure d i s t r i b u t i o n  on t h e  a i r f o i l  caused by the  i n t e r a c t i o n  with a  

moving viscous wake. The wake is approximated a s  a f l u i d  j e t  having a  

vz loc i ty  perpendicular  t o  t h e  a i r f o i l .  I n  a  s i a p l i f i e d  expression f o r  

i n f i n i t e s i w l l y  t h i n  wakes, the  shape of the  wake d id  not  appear,  but  the 

pressure depended on the  in tegra ted  con t r ibu t ion  of the  v e l o c i t y  f luc tu -  

a t i o n  i n  the  f l u i d  je:. F u j i t a  and Kovasznoy (8) compared Mcyers' pre- 

d i c t i o n  with experimental d a t a  end found reasonably good agreement i n  

the  t rends  of the  d a t a  when no flow separa t ion  was present .  



IMAGINARY 

Figure I. Sears Function 
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Lefcor t  (9) extended the  a n a l y s i s  of Meyers t o  cover the  case of 

t h i n  wakes. A s  Lefcor t ' s  ana lye i s  i s  used he re  to  p r e d i c t  the  unsteady 

pressure  d i s t r i b u t i o n ,  the  a n a l y s i s  is discussed i n  g r e a t e r  d e t a i l  i n  

the  d iscuss ion of experimental r e s u l t s .  

The unsteady e f f a c t s  of an a x i a l  flow turbomachine s t a g e  have been 

inves t igated by Kemp and Sears (10). The r o t o r  and s t a t o r  a r e  each 

represented by a cascade of a i r f o i l s .  Each cascade had low s o l i d i t y  and 

was composed ~f f l a t  p l a t e  a i r f o i l s .  Their  a n a l y s i s  considered the  

unsteady e f f e c t  caused by t h e  r e l a t i v e  motions of t h e  cascades i n  steady 

flow. The e f f e c t s  of t h e  unsteady flow considered i n  t h e  upstream cascade 

were th? unsteady flow only on the  b h d e  i n  quest ion and i ts  wake. I n  

t K b 7  respect ,  the  unsteady a n a l y s i s  is similar t o  an  i s o l a t e d  a i r f o i l  

analys is .  The e f f e c t s  of the  unsteady flow on t h e  downstream cascade 

cms idered  the  unsteady flow on the  b lade  i n  quest ion,  its wake and t h e  

vortex wakes shed by the  upstream cascade. Using an empir ica l  descrip- 

t i o n  of viscous wakes, they a l s o  considered the  unsteady l i f t  and moment 

caused by the i n t e r c c r i o n  of v iscous  wakes f r ~ m  upstream blades (11). 

The a n a l y s i s  af e cascade of a i r f o i l s  L s  p s r fomed  i n  a s i m i l a r  

manner a s  :hat of an i s o l a t e d  a i r f o i l ,  but must consides the e f f e c t s  of 

adjacent  blades and t h e i r  wakes. Whitehead evaluated the  unsteady l i f t  

and moment by an a c t u a t o r  d i s k  approach (12),  i . e . ,  a  cascade composed 

of blades of zero chord, a s  w e l l  a s  a cascade of f l a t  p l a t e  a i r f o i l s  (13) 

eubjecced t o  a n  i n l e t  d is turbance.  I n  an  a l t e r n a t e  analyaie  of the  sane 

problem, Hentierson and h n e s h y a r  (14). us ing a s l i g h t l y  d i f f e r e n t  mathe- 

mat ica l  representati-30 of t h e  b lades ,  p red ic ted  a resonance e f f e c t :  a  

nharp change i n  unsteady l i f t  when the  dis turbance wavelength equals the  

blade spacing. This a n a l y ~ i s  ahso included t h e  e f f e c t  of b lade  camber. 
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The analyses of (13) and (14) give similar results when the disturbance 

wavelength does not equal the blade spacing. 

There are meager experimental data available to evaluate the validity 

of the theoretical models of the unsteady turbomachine flows. The lack 

of experimental data is attributed to the complexity in producing a suit- 

able flow and the measurement of unsteady parameters. Until the basic 

assumptions in the models are verified and the range of conditions where 

the theories are an adequate representation of real flows are established, 

the designer cannot use the theories with confidence. Henderson (15) 

checked his results by deducing the unsteady circulation from measurements 

of the circumferential variation of the time-mean total pressure rise 

across a rotor. The theory did not predict the exact magnittide of the 

unsteady response well, but the trends in the experimental results agreed 

reasonably well with the theory. 

Bruce and Renderson (16) measured the unsteady lift and moment of an 

axial flow fan rotor by instrumenting a segment of a rotor blade with 

strain gauges. They determined that existing theories (13, 14) predict 

trends in experimental data, but were inadequate in predicting the exact 

magnitude of the unsteady response. 

Satyanarayana (17) considered the interaction of a dfsturbance of 

low frequency parameter that was transported with a velocity less than 

the main flow and a cascade of airfoils. This type of disttirbhnze is not 

representative of real turbomachine flow but is useful In evaluating 

theoretical predictions. Good agreement with the trends of the theory 

by Henderson (15) was found, but there was a deviation in the gagnitude 

of the response. Satyanarayana also obtained good agreement with tr.e 

results of Holmes (18) in predicting the unsteady pressure distribution 

t of an isolated airfoil. 
t : 



Statement of the  Problem and Scope of the  Work - 
I n  order  t o  minimize the undesi rable  e f f e c t s  of unsteadv flow i n  

turbomchines ,  i t  is  necessarv t h a t  t h e  des igner  be a b l e  t o  p r e d i c t  the  

e f f e c t  of va r ious  design parameters on t h e  turbomachine's unsteady 

performance. The des igner ,  the re fo re ,  r equ i res  a t h e o r e t i c a l  a n a l y s i s  

of proven v a l i d i t y ,  or  s u f f i c i e n t  empir ica l  d a t a  t o  determine t h e  unsteady 

performance of a new design.  

The o b j e c t i v e  of t h i s  study was to  i n v e s t i g a t e  the  unsteady response 

of a s t a t o r  bladz caused by t h e  i n t e r a c t i o n  of the  s t a t o r  wi th  the  vskes  

of an upstream ro to r .  A major por t ion  of t n i s  e f f o r t  w a s  t h e  develop- 

ment of an instrumented s t a t o r  to  allow the  measurement of the  unsteady 

pressures  on both i t s  pressure  and suc t ion  s i d e s  during such an 

i n t e r a c t  ion. 

S p e c i f i c a l l y ,  the  o b j e c t i v e  a f  t h i s  study was rea l i zed  by conducting 

measurements of the  following unsteady performance c h a r a c t e r i s t i c s  of an  

a x i a l  flow turbomachine. The uasteady response of the  s t a t o r  b lades  t o  

the  wakes shed by an upstream .cotor w a s  determined by measuring the 

unvteady pressure  a t  var ious  joca t ions  along the  chord, a t  t h e  mid-span 

of the blade. These measurements were conducted a t  the  mid-span of the  

blade t o  minimize the  e f f e c t s  of the  annulus ..tall boundary l aye r .  A 

hot-film anemometer probe was used t o  measure the  v e l o c i t y  f i e l d  inc iden t  

upon the  s t a t o r  b lades  st t h e  mid-span p o s i t i o n  a t  one c i rcumfn-ent ia l  

locat ion.  The unsteady response of t h e  r o t o r  t o  the  presence of the  

s t a t e r  b lades  was determined by measuring the  unsteady l i f t  and moment 

a t  the mid-span of a r o t o r  b lade .  These measurements were obtained by 

inetrumenting an independently supported s e c t i o n  of the  b lade  wi th  s t r a i n  

gauges. This instrumented blade  was developed by Bruce (19). 



The unsteady response was determined f o r  two values  of r o t o r  t o  

s t a t o r  spacing, 2 and 112 r o t o r  chord i r ~ l g t h s ,  two va lues  of s t a t o r  

s o l i d i t y ,  0.493 and 0.986, and th ree  values  of s t a t o r  incidence angle ,  

-2, 5, and 17 degrees. 

The unsteady pressure  measurements a r e  compared wi th  t h e  r e s u l t s  of 

Lefcort  (9) f x  the  pressure  d i s t r i b u t i o n  on an i s o l a t e d  a i r f c i l  i n t e r -  

a c t i n g  with a l o c a l  v e l o c i t y  pe r tu rba t ion  caused by a v iscous  wake. 

Instrumentation and assoc ia ted  hardware were developed t o  measure 

unsteady pressures .  N w  teclmiques ?or t h e  dynamic and s t a t i c  ca l ib ra -  

t l o n  of pressure  transducers were employed. Data reduct ion and a n a l y s i s  

procedwes were developed. 

This inves t iga t ion  does not consider a l l  the  a s p e c t s  02 unsteady 

turbomachinery flow. S p e c i f i c a l l y ,  the  e f f e c t s  of r o t o r  aod s t a t o r  

camber, r o t o r  and s t a t o r  s tagger  angle ,  r o t o r  s o l i d i t y ,  and blade  thick- 

ness a r e  excluded. A l l  measurements were made a t  t h e  mid-span of the  

blades. Although the  flow i s  th ree  dimensional, the  flow i n  the  r a d i a l  

d i r e c t i o n  was assumed t o  be zero. However, the  assumption was not  

v e r i f i e d  experimentally.  The variation of the  unsteady performance a t  

o the r  spanwise loca t ions  was not  examined. 



THEORETICAL MODELS OF UNSTEADY TURBOMACHINERY FLOWS 

Two-Dimensional Description of Flows - 
The two-dimensional model of  the  flow i n  an a x i a l  f low turbornachine 

considers flow i n  the  a x i a l  and c i rcumferen t i a l  d i r e c t i o n s .  The flow 

t h a t  e x i s t s  i n  the  r a d i a l  d i r e c t i o n  i n  an a c t u a l  turbomachine is e n t i r e l y  

ignored. In  add i t ion ,  the  flow is  assumed t o  be i n v i s c i d  and, genera l ly ,  

is  considered i n s m p r e s s i b l e .  Experimental c o r r e l a t i o n s  a r e  used exten- 

s ive ly  t o  account f o r  viscous e f f e c t s ,  the  p red ic t ion  of flow separa t ion,  

and o t h e r  f a c t o r s  t h a t  cannot be determined from the  two-dimensional flow 

model. Turbomachine design and/or performance p red ic t ions  consider t h e  

flow t o  be steady and proceed with a  two-dimensional flow model using t h e  

bas ic  equat ions  of f l u i d  sechanics  cnd experimental c o r r e l a t i o n s  a s  

d i s c w s e d  i n  var ious  textbooks, e .  g. , (20). 

Consider t h e  i n t e r s e c t i o n  of a  cy l inder  concentr ic  wi th  t h e  s h a f t  

and the  r o t o r  and s t a t o r  blades of an a x i a l  flow turbomachine, a t  the 

mean ra~~dius  of the blades,  Figure 2.  I f  t h e  cy l inder  is  cu t  lengthwise 

and f l a t t e n e d ,  the  t r a c e  of blade i n t e r s e c t i o n s  w i l l  be two p a r a l l e l  rows 

of blades,  a  cascade, a s  shown i n  Figure 3. The r o t o r  row has  l i n e a r  

ve loc i ty  U a t  t h e  mean radius  due t o  t h e  r o t a t i o n  of t h e  ro to r .  The 

r o t o r  l n l e t  and e x i t  flow can be expressed i n  a  frame of reference  moving 

wi:h the r o t o r  speed U ,  o r  i n  a  frame of r e fe rence  f ixed  t o  the  machine 

casing.  Figure 4 shows i n l e t  and e x i t  v e l o c i t i e s  i n  both msving and 

f ixed  coordinates .  The transformation t o  f ixed  coordinates  is performed 

by simply sub t rac t ing  the  v e l c d t y  of the  moving coordinates  ( the  r o t o r  

e y e d )  f r w  the  v e l o c i t y  observed i n  the  moving coordinates .  

The ex i s t ence  of a  viscous boundary l a y e r  on the  r o t o r  blades caused 

lower v e l o c i t y  flow i n  the  region of the  r o t o r  wake. When viewed i n  
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moving coo rd ina t e s  (F igure  5), t h i s  f low can  be  seen a s  uniform i n  

d i r e c t i o n  but  having a  l o c a l  reglor1 of  decreased  v e l o c i t y .  The d i f f e r e n c e  

between t h e  l o c a l  v e l o c i t y  and t t e  v e l o c i t y  o u t s i d e  t h e  v i s cous  wake is 

t h e  v e l o c i t y  d e f e c t .  The v e l o c i t y  d e f e c t  can b- viewsd a s  a  f l u i d  j e t  

i n  a  d i r e c t i o n  oppos i t e  ,ne main flow. The t o t a l  f l cw  is then  t h e  sum of 

an i d e a l i z e d  f low that igno res  t h e  v i s c o u s  wake and a  f l u i d  j e t .  The 

f l u i d  j e t  can be cons idered  a s  a  p e r t u r b a t i o n  t o  t h e  main f low. 

When t h e  wake v e l o c i t y  p r o f i l e  i s  transformed t o  s t a t i r n a i y  coordi-  

n a t e s ,  t h e  v e l o c i t y  d e f e c t  becomes skewed and is a t  an a n g l e  w i th  t h e  

main flow, F igu re  6.  The flow o u t s i d e  t h e  r eg ion  of t h e  wake i s  aii an 

angle  a ,  wh i l e  t h e  ang le  of t h e  flow v a r i e s  i n  t h e  wake. When t h i s  flow 

impinges o r  a  dcwnstream b l a d e ,  t h e  v i s cous  wake causes  t h e  b l ade  t o  

exper ience  a  changing a n g l e  of i nc idence .  

The flow i n t e r d c t i n g  wit!, t h e  s t a t o r  i s  unsteady due t o  s e v e r a l  

~ ~ C E O ~ S .  The tu rbu lence  i n  t h e  flow causes  random r l u c t u a t i o n s  and hence 

uns t ead ines s  i n  t h e  flow independent ly  c f  o t h e r  f a c t o r s  d i s cus sed  h e r e i n .  

As a  consequence of th* r e l a t i v e  motion between rhe  wake and t h e  s t a t o r ,  

the  ang le  of i nc idence  of t h e  f low changes, g i v i n g  uns t ead ines s  o r  t ime 

v a r i a t i o n .  Although t h e  wakes f r m  each  r o t o r  b lade  a r s  cons idered  

i d e n t i c a l ,  smal l  d i f f e r e n c e s  i n  t h e  r o t o r  b l ades  cause d i f f e r e n c z s  i n  

t h e i r  wakes. Th i s  causes  an a d d i t i o n a l  s p a t i a l  d i f f e r e n c e  i n  t h e  f low 

f i e l d  in  t he  c i r c u m f e r e n t i a l  d i r e c t i o n .  An a i r f o i l  moving through t h e s e  

s p a t i a l  v a r i a t i o n s  w i l l  expe r i ence  a  t i m e  va ry ing  f low f i e l d .  

Mathematical Models of Unsteady Flows -- 

I s o l a t e d  A i r f o i l s .  - A b r i e f  d i s c u s s i a n  of m * h e m a t i c a l  models of 

unsteady f low over  a i r f o i l s  can be u s e f u l  i n  v i s u a l i z i n g  t h e  sou rces  of 



Figure 5 .  Rotor Wake Flow Relative to  Rotor Blade 

I- VELOCITY DEFECl PROFILE W 
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Figure 6 .  Rotor Wake i n  Relative and Fixed Coordinates 
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in teract io , ,  between blades .  I n  the  following discuss ion of inv i sc id  flow, 

a general  acquaintance with p o t e n t i a l  flow theory is assumed. 

An i n f i n i - e l y  t h i n  a i r fo l .1  i n  a steady flow is represented by the 

sum of a ari'form, steady flow plus  a s e r i e s  of v o r t i c e s  d i s t r i b u t e d  along 

the  camberline of the a ~ r f o i l .  The uniform flow has constant  d i r e r t i o n  

equal t o  the f r e e  stream flow upstream of the  a i r f o i l .  A vor tex  is flow 

whose streamlines form concentr ic  c i r c l e s .  It has  ve loc i ty  only i n  the  

c i rcumferent ia l  d i rec t ion :  

1 where r is the  c i r c u l a t i o n .  Figure 7 shows an a i r f o i l  in s teady flow 

represented by v o r t i c e s .  The s t r eng th  (or c i r c u l a t i o n )  of the  v o r t i c e s  

is  adjusted so  the  v e l o c i t i e s  induced by the  uniform flow and the  v o r t i c e s  

have no compaDnnt perpendicular t o  the camberline of the  a i r f o i l .  To 

give a unique value t o  the  cir:ulation, the  Kutta condit ion is imposed. 

The Kutta condit ion is  the  r e s u l t  of the  experimental  observat ions  which 

show t d a t  a body with ii sharp t r a i l i n g  edge moving uniformly i n  a f l u i d  

w l l l  have i ts  rea r  e tagnat ion point  a t  the t r a i l i n g  edgc. The ve loc i ty  

f i e l d  can be determined by c a l c u l a t i n g  the  sum of the  v e l o c i t i e s  induced 

by the v o r t i c e s  and the unilorm flow. Once t h e  ve loc i ty  is  known, the 

momentum equation can be used t o  determfne the  pressure  d i s ~ r f b u t i o n .  

An a i r f o i l  i n  nonu.~iform flow can be represented by the  sum of an 

unsteady flow f i e l d ,  a  s e r i e s  of unsteady v o r t i c e s  t o  represent  the  

a i r f o i l  (bound v c r r j c e s )  and a s e r i e s  of unsteady v o r t i c e s  i n  the  wake 

- -- 
1. r = § ~ * a s ,  the  c i r c u l a t i o n  i s  the  ~ ! w e d  l i n e  i n t e g r a l  of the  

ve loc i ty  vec:or i n  t h s  d i r e c t i o n  c f  t h e  path of i n t e g r a t i o n .  
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of the  a i r l o l l ,  Figure 8. The unsteady v o r t i c e s  i n  the  wake e x i s t  because 

the flow upstream ~f  the a i r f o i l  is  i r r o t a t i o n a l  and s i n c e  no r o t a t i o n d l  

fo rces  a c t  on t h e  flow, i t  must remain i r r o t a t i o n a l .  The time varying 

c i r c u l a t i o n  on the  blade is r e l a t e d  t o  t h e  c i r c u l a t i o n  of the  wake 

vor t i ces .  The s t r e n g t h  of the  v o r t i c e s  represent ing the  a i r f o i l  a r e  

determined a t  each i n s t a n t  i n  time i n  a  manner s i m i l a r  t o  the  s teady flow 

case. A t  each i n s t a n t  i n  time, the  v e l o c i t i e s  induced by t h e  uniform 

flow and a l l  v o r t i c e s ,  both bound and wake v o r t i c e s ,  can have no component 

perpendicular  t o  t h e  camberline of the  a i r f o i l .  The Kutta condi t ion is 

used t o  f i x  t h e  r e a r  s tagnat ion point  a t  the  t r a i l i n g  edge a s  i n  t h e  

steady ;low. An add i t iona l  comp,exity i s  introduced,  however, by the  

v o r t i c e s  i n  t h e  wake. The s t r e n g t h  ~f  these v o r t i c e s  must be adjus ted  

such t h a t  the  flow remains i r r o t a t i o n a l  a t  ecch i n s t a n t  i n  time. 

The Kutta condi t ion f o r  unsteady flow h a s  been v e r i f i e d  experi-  

mentally under c e r t a i n  condi t ions  ( the  wavelength of t h e  d is turbance is  

small  compared t o  the  a i r f o i l  cnord) by F u j i t a  and Kovasnay (8). It is 

not known whether the Kutta condi t ion is s a t i s f i e d  f o r  a l l  unsteady flows. 

Cascade of A i r f o i l s .  The two-dimensional a n a l y s i s  of a  cascade of 

a i r f o i l s  may be conducted with t h e  same mathematical t o o l s  as employed 

with i s o l a t e d  a i r f o i l s .  The a n a l y s i s  is considerably more complicated i n  

t h a t  each a i r f d l  is  influenced by the  presence of every o the r  a i r f o i l .  

In  a  s teady flow t o  compute the  ve loc i ty  f i e l d  about a n  a i r f o i l  i n  a  

cascade, the  sum of the  inf luences  of wrt* e s  used to represent  each 

blade must be included. In unsteady flow, t h e  inf luences  of the  time 

varying v o r t i c e s  used t o  represent  each blade and the  time varying 

v o r t i c e s  i n  the  bake of each blade must be added a t  every i n s t a n t  of time 

t o  compute the v e l o c i t y  f i e l d  about an a i r f o i l ,  Figure 5. 



Figure 7. Representation of 1scl.ated Airfoil in Steady Flow 

A l R i O l L  CAMBER L l N i  

Figure 8. Representation of Isolated Airfoil in Unsteady Flow 

TYPICAL AIRFOIL 
CAMBER L INE 

Figure 9. Representation of Cascade of Airfoils in Unsteady Flow 



Consider a comprestior s t a g e  cons i s t ing  of a r o t o r  and downstream 

s t a t o r .  The f  o l l rwi  ng i n t e r a c t i o n s  cause unsteady e f f e c t s  on any blade: 

1. The unsteady bound v o r t i c e s  of the  b ladc  i n  question.  

2. The unsteady wake v o r t i c e s  of the  blade i n  quest ion.  

3. T!ie wiscetldy bouna v o r t i c e s  of o t h e r  blades i n  che 
same blade row. 

4. The unsteady wake v o r t i c e s  of these  b lades .  

5 .  Thc unsteady bound v o r t i c e s  aad wake v a r t i c e s  of the  
blades i n  t h e  adjacent blade row. 

These i n t e r a c t i o n s  must be considered wi th  an unsteady flow f i e L  

t h a t  could be caused by an  i n l e t  flow d i s t o r t i o n  o r  by viscous wakes from 

an upstream blade. 

The above i n t e r a c t i o n s  a r e  of such complexit) t h a t  s u b s t a n t i a l  

assumptions must be made before  an approximate , s .~ lu t iou  is  obtained. 

For the  t h e o r i e s  employed i n  t h i s  s tudy ;he assumptions mad? a r e  d i e c u s s ~ d  

i n  the  "Status of Exis t ing Theore t i ca l  Knowledge" sectio;, and the  theory 

of Meyer ( 7 )  is f u x h e r  discussed Lz t h e  "Comparisoi; of Theoret ica l  and 

Experimental Results" s e c t i c n .  



EXPERIMENTAL APPARATUS AND TEST PROCEDURE 

Experimental Apparatus 

Axial Flow Research Fan. The Axia l  Flow Research Fan ( A r k F ) ,  

Figure  10, c o n s i s t s  of  a  bellmouth i n l e t  le i iding tc a n  annu la r  f low 

passage 54.61 cm i n  diameter  wi th  a  14.13 cm diameter  c e r t e r  hub. ?' 

annular  flow passage c o n t a i n s  a r o t o r ,  s t a t o r ,  and a u x i l i a r y  fan.  The 

r o t o r  and s t a t o r  cbn,;-. ;e the  t e s t  s e c t i o n  and the  a u x i l i a r y  fan  p r ~ v i d e s  

the ~ i r  flov t h ~ o u g h  t h e  anhulus. 

The r o t o r  c o n s i s t s  oi 12 aluminum blades ,  i nc lud ing  one b l ade  
- - 

instrumented t o  measure unsteady l i f t  and moment (L and M) . The i n s t r u -  

mented b l ade  is desc r ibed  l a t e r .  t h e  b l a d e s  have a ].OX t h i c k  uncambered 

C 1  p r o f i l e  (21) w i t h  a  chord l eng th  of 15.24 cm an< span of 14.93 cm. 

The r o t o r  was designed t o  produce zero  l i f t  a t  des ign  c c n d i t i o n s ,  i . e . ,  

zero  ang le  of  inc idence  a t  a l l  b l ade  r a d i i .  Yhis f e a t u r e  s i m p l i f i e s  the  

a n a l y s i s  of unsteady f lows by e l i m i n a t i n g  t h e  s t e a d y  r o t o r  l i f t  when 

opera ted  a t  t h i s  cond i t ion .  The r o t o r  can produce s t eady  l i f t  when 

opera ted  w i t h  t h e  flow a t  a  nonzero ang le  of inc idence .  The s t agge r  

ang le ,  5, equa l s  45O a t  t h e  mean r a d i u s .  The r o t a r  i s  d r iven  by a 

14.9 kw motor conta ined  i n  "Le c e n t e r  hub and loca t ed  downstream of t h e  

s t a t o r .  

Input  power and s i g n a l  t ransmiss ion  l h e a  from t h e  instrumented 

r o t o r  b l ade  run  through t h e  r o t o r  hub tc t h e  hollow r o t o r  s h a f t  t o  a  

downstream 14-channel, co in  s i l v e r  s l i p - r i n g  u n i t ,  then  o u t  through 

h o l e s  I n  t h e  a f t  suppor t  f i n s .  

The s t a t o r ,  c o n s i s t i n g  a f  4 o r  8 b l a d e s  having the same c ros s -  

s e c t i o n a l  shape as the  r o t o r  b l ades ,  c a c  he  poei:ioned by changing t h e  

o u t e r  caa ing  and hub c . o n f i ~ - ~ r a t i o n  t o  g i v e  r o c o r I s t a t 3 r  a x i a l  s p a c i n ~ s  
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PI2 t o  2 chard lengths .  This a x i a l  spacing :is measured from t h e  r o t o r  

t r a i l i n g  edge t o  s t a t o r  Icadiqg edge. The s t a t o r  b lades  a r e  untwisted 

and have a  s tagger  angle of 0'. Two of t h e  e t a t o r  blades a r e  instrumented 

t o  measure t h e  unsceady pressi:re (?) , Figure 11 1s a  photograph of  the  

AFRF showing the  s t a t o r s  ir~s:al led.  

The a u x i l i a r y  fan ,  located between the  r o t o r  d r i v e  motor and exit.  

6 
t h r o t t l e ,  d e l i v e r s  425 x 10 cubic centbmeCzrs r-nf a i r  p e r  m t i : u i s  ; ? -  a 

pressure  of 8.9 cm o f  water gauge a t  rhe nominal opexar ivg  s o n d l r l c n .  

The a u x i l i a r y  fan d r i v e  motor and the r o t o r  drive mopor ~ p e r a t i c n a l  

c h a r a c t e r i s t i c s  can he  independently c o n t r n l l t d  by two ad jus tab le  

frequency d r i v e  i n v e r t e r  u n i t s .  

?, ouce-per-rotor-revolution voltage spike i s  produced t o  i n d i c a t e  

she pos i t ion  of the  r c t o r  i n  each revolut ion.  A d i s k  with an  open r a d i a l  

s l o t  r o t a t e s  with the r o t o r  s h a f t .  Uhen the  open por t ion of the  d i s k  

passes i n  f r o n t  of a i;ght beam, a photocel l  is  ac t iva ted .  The r e s u l t i n g  

vol tage  sp ike  permits the  accura te  synchronization of d a t a  produced 

during dkf f e r e n t  r o t o r  revolut ions .  

A wooden enclosure covered with a t h i n  l a y e r  of foam and screen 

covers the  hellmouth of the. AFRF t o  remove any r o t a t i o n  i n  the  i n l e t  

flow and t o  reduce i n l e t  turbulence.  

A more extensive  d e s c r i p t i o n  of the AFR? is contained i n  Reference 

( 2 5 ) .  

1ns:rtrmented S ta to r .  Two of t h e  s t c i ~ o r  b lades  were 3.ns:rumt;nt-ed t o  --. 

measure the  unsteady prasaures  r e s u l t i n g  from t h e  i n t e r  'm cf the 

e t a t c r s  and the wakes from the upstream r o t o r  blades.  One blade,  

f ab r ica ted  from aluminum, contained s i x  t ransducers  located a t  5%, 15%, 

30X, 40X, 50X, and 75% of the chord. A second, b rass  b lade  contained 
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transducers a t  2 X ,  40X, and 95X chord loca t ions .  Each blade has a 

transducer a t  40% chord t o  check whether the  flow over  the  two blades  

is s imi la r .  

Each instrum . ~ t e d  blade  consis ted  of two s e c t i o n s  t h a t  f i t  together  

t o  form i n t e r n a l  c a v i t i e s  i n  which pressure  t ransducers  were mounted. 

A photograph of a disassembled blade and t ransducer  is  shown i n  Figure  12.  

The t ransducers  were mounted betwem a p a i r  of O-rings which form a 

pressure  t i g h t  s e a l  and permit assembly and disassembly with r e l a t i v e  

- ease.  Each cav i ty  is  connected t o  the  su r face  of the  b lade  by h o l e s  

perpendicular  t o  t h e  b lade  surface .  A b lade  cross-sect ion and d e t a i l s  

of the  tr--.jducer mounting arrangement a r e  shown i n  Figure  13. The 

dimensions of the  i n t e r n a l  c a v i t i e s  and su r face  t aps  a r e  shown i n  Figure 

14. The su r face  t a p s  were located about t h e  mean r a d i u s  i n  a staggered 

manner which covered a spanwise ex ten t  of approximately 2.5 cm. This 

s tagger ing was used t o  minimize spur ious  p ressure  f l u c t u a t i o n s  caused by 

flow i n  the  v i c i n i t y  of an upstream sur face  t a p  on a downstream s u r f a c e  

tap. 

To measure p ressures  on only one s i d e  of a blade,  the  h o l e s  on the  

opposi te  s i d e  were covered with tape.  Each blade a l s o  contained passages 

t h a t  l ead  from the  t ransducer  t o  the  ou t s ide  cas ing of the  AFRF. These 

passages conta in  e l e c t r i c a l  l e a d s  and provided atmospheric p ressure  t o  

the reference  s i d e  of the  t ransducer  (see  d e s c r i p t i o n  o f  t ransducer  

below). 

The t ransducers  employed were P i t r a n  M ~ d e l  PT-M2 d i f f e r e n t i a l  

pressure  t ransducers  mmufactured by Stow Laborator ies .  The P i t r a n  i s  a 

s i l i c o n  NPN planar  t rans is l tor  with the emitter-base junct ion mechanically 

coupled t o  a diaphragm a s  shown schematically i n  Figure 15. Displacement 
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of t he  diaphragm produces a  l a r g e ,  r e v e r s i b l e  change i n  t he  g a i n  of t he  

t r a n s i s t o r .  

The P i t r a n  t r ansduce r s  measure a d i f f e r e n t i a l  p r e s s u r e  When 

i n s t a l l e d  i n  t h e  s t a t o r ,  t h e  unknown b l ade  s u r f a c e  p r e s s u r e  i s  app l i ed  

t o  t h e  f a c e  of t h e  diaphragm and a tmospher ic  p r e s s u r e  t o  t h e  r e f e r e n c e  

s i d e  of t h e  t ransducer .  

The advantages of t h e  P i t 1  1 i nc lude :  

1. Linear  ou tpu t  eve r  t h e  r a t e d  p r e s s u r e  range  (0.25 PSZD 
f o r  Model PT-M2). 

2. High l e v e l  of ou tpu t  s i g n a l  (on t h e  o r d e r  of 1 v o l t  
p e r  cm of  w a t e r ) .  

3. Resonant mechanical f requency g r e a t e r  than  100,,30 Hz. 

4.  Small s i z e  (0.5 cm). 

5. Large over load  c a p a b i l i t y  (700% of r a t e d  p r e s s u r e  can 
be to! ? r a t ed  wi thout  d a m g e )  . 

The over load  c a 2 a b i l i t y  is  important  a s  t h e  exac t  magnitude of t h e  

unsteady p r e s s u r e s  on t h e  b l ades  were unknown a t  t h e  beginning  of t h i s  

s tudy .  Included wi th  t h e  P i t r a n  is  a s i g n a l  c o n d i t i o n e r  ..hich is shown 

schema t i ca l ly  i n  F igure  16. 

Instrumented riotor. One r o t o r  b l ade  was instrumented t o  measure 

l ~ ~ s t e a d y  f o r c e  (i) and unsteqdy moment (G). A s  shown i n  F igu re  17 ,  a  

2.54 cm span b lade  of t h i s  segment is c a n t i l e v e r e d  from the  b l a d e  hub a t  

t h e  mid-chord p o s i t i o n  by means of a  beam t h a t  has t he  lower p o r t i o n  of 

i ts  l e n g t h  machined a s  a  t o rque  tube ,  and t h e  upper p o r t i o n  of i t s  l e n g t h  

machined as a f o r c e  cube. The c e n t e r  s e c t i o n  of t he  b l a d e  segment is  

loca t ed  a t  t h e  mean r a d i u s .  The to rque  tube  and f o r c e  cube have been 

instrumented us ing  min ia tu re  s t r a i n  gauges. The 2.54 cm span segment i n  

made of  magnesium t o  minim'ze i t s  mass and movement of i n e r t i a  and is  

s t r u c t u r a l l y  independent of  ( .he r o t o r  b l ade  except  f o r  t h e  c a n t i l e v e r  



STYLUS 

SEMlCOTJDUCiOR MATERIAL 

ELECTRICAL LEADS 

Figure 15 .  Schematic of Pitrar. fransducer 
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mount. The aluminum t:p p o r t i o n  of t h e  b l ade  a t t a c h e s  t o  p o s t s  on t h e  

aluminur hub s e c t i o n  which pass  through s l o t s  i n  che ins t rumented  s e c t i o n .  

A minimum c l ea rance  of 0.0127 cm is  maintained a t  each  mating s u r f a c e .  

The magnesium has  been mass-balanced t o  p rec lude  uneven displacement .  A 

mre d e t a i l e d  d e s c r i p t i o n  of t h i s  b l ade  is p re sen ted  i n  Reference (19) .  

Flow F i e l d  Measurement. Measurements were made of  p e r t i n e n t  f low 

parameters  i n  t h e  v i c i n i t y  of t h e  s t a t o r s .  The a x i a l  v e l o c i t y ,  t h e  

r e s u i t a n t  v e l o c i t y  upstream of t h e  s t a t o r ,  V ,  t h e  a n g l e  of i nc idence ,  i, 

hetween V and t h e  s t a t o r  chord,  and W ,  t h e  v e l o c i t y  d e f e c t  caused by t h e  

v iscous  r o t o r  wakes were determined.  

The a. t ia l  v e l o c i t y ,  Vx, was determined from t h e  s t a t i c  p r e s s u r e ,  
Ps' 

measured by a p r e s s u r e  t ap  i n  t h e  f a n  annulus  13 .5  cm downstream of t h e  

i n l e t  bellmouth from :he fo l lowing  r e l a t i o n  where P is  t h e  atmospheric  
atm 

p re s su re :  

A d i f  f e r e n  r i a i  p r  e s s u r e  t r ansduce r  was used t o  measure (P -P ) and p 
atm s 

was c a l c u l a t e d  from t h e  I d e a l  Gas Lav. The p r e s s u r e  t r ansduce r  used 

was a  v a r i a b l e  r e l u c t a n c e  type  manufactured by Validyne Engineering 

Corporat ion.  The t r ansduce r  was c a l i b r a t e d  by comparing t h e  ou tpu t  

vo l t age  t o  t he  p re s su re  i n d i c a t e d  by a micromanometer w i t h  an I d e n t i c a l  

p r e s su re  a p p l i e d  t o  each  in s t rumen t .  

A th ree-hole  wedge probe was pos i t i oned  a t  t he  mean r a d i u s  approxi-  

mately 3 cm upstream of t h e  s t a t o r .  The two s t a t i c  t a p s  of  t h e  t h r ee -  

h o l e  probs a r e  l o c a t e d  s y m n e t r i c a l l y  on o p p o s i t e  s i d e s  of a  wedge s o  t h a t  

t he  probe can be a l i g n e d  i n  t h e  d i r e c t i o n  of t h e  flow by makiag t h e  

s t a t i c  p re s su re  a t  each  s t a t i c  t a p  equal .  An i n d i c a t o r  on t h e  proLc ant-! 
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a  p r o t r a c t o r  f ixed  t o  t MRF ou te r  casing were used t o  measure ' a 

angle between the  wedge d d  an a x i a l  reference  l i n e .  

A hot-fi lm anemometer probe was located a t  t h e  nean rad ius  and 

equipped with a po in te r  and p r o t r a c t o r  t o  permit alignment wi th  the  flaw 

as determined from the  three-hole probe. The average v e l o c i t y  upstream 

of the s t a t o r  was determined from t3e D.C. vol tage  output of the  

anewmeter. The ve loc i ty  p r o f i l e  of the  r o t o r  wake was dztermined from 

t o t a l  anemometer vc l t age .  The h o t - f i l a  probe measures the  component of 

the r o t o r  wake v e l o c i t y  p r o f i l e  t h a t  is p a r a l l e l  t o  the  matn flow. The 

ve loc i ty  de fec t  may chen be  ca lcu la ted  from the  geometry shown i n  Figures 

5 and 6. The hot-fi lm probe i s  a commercially a v a i l a k l e  type v i ~ h  sensor 

dimensions of 0.00254 cm diameter r 0.0528 cm long. 

Both the  three-hole and hot-film probes werr located circumferen. 

t i a l l y  i n  between s t a t o r  blades t o  minimize the e f f e c t  af the  probe vake 

on the  flow f i e l d  cn the  blades,  Figure 18.  Because of the  design of 

probe mountlag ho les  jn the  c u t e r  cas ing of the  .ME, i t  was des i rab le  

t o  change the  p ~ o b e  c i r c u r n f e r ~ n t i e l  p o s i t i o n s  when the  r e l a t i v e  pos i t ions  

of the  r o t o r  and s t a t o r  ve re  changed i n  order t o  mount the  hot-f i lm probe 

a t  an a x i a l  loca t ion  a s  c lose  a s  poss ib le  t o  the  leading edge of the  

s t a t o r .  In  such an a x i a l  loca t ion ,  the  probe w i l l  record the  r o t o r  wake 

c h a r a c t e r i s t i c s  t h a t  more n e l r l y  represent  the  wake a t  the  s t a t o r  1-ading 

edge. The hot-film probe was 2 cm upstream of the  s t a t o r  leading edge 

when the s t a t o r  was posi t ioned a t  i o t o r / s t a t o r  spacing of two chord 

lengths ,  and 2 . 5  cm upstream when the  r o t o z / s t a t o r  spacing equaled 112 

chord length.  
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Pata &dsiti3! - -. 
T ~ s t n x e n t a t i o n  and S',Rnal Conditior,ing. F i g x - .  . '3 d w w s  a schematic -- 

of &he S n c t r ~ r t z t ? o n  and s i g n a l  coadi t ioning used. -.'be P l t r a n  s i g n a l  

conattLoni?& was performed 3y a Stow Laboraeories Model 861 Signal  

C o n i i t i m e r .  The Model 861 Signal  Conditioner includes  a P i t r a n  b ias ing  

s e i t i c a  k i t h  a dynamFc b i a s  s ~ a b i l i z a t i o n  loop and a v a r i a b l e  gain 

i s o l a t i o n  amplifir.:  shown i n  Figure 16. The b i a s  cu r ren t  t o  the  P i t r a n  

is c o n t ~ u o u s l y  adjus ted  t o  cancel  the  response of "slow" ahanges of 

transducer output.  These "slov" changes a r e  caused by the  pressure  on 

the  reference  s i d e  P i t r a n  diaphragm ant! temperature e f f e c t s .  Thus, the re  

is no need f o r  zero adjustment s ince  the  s t a b i l i z a t i o n  c i r c u i t  has a time 

constant  of about one second. With t h e  Model 861 Signal  Ccndit ioner,  the  

P i t r a n  w i l l  respond t o  pressure  changes t h a t  occur on the order  of one 

second o r  f a s t e r .  These f e a t u r e s  a r e  well-suited f o r  measuring unsteady 

pressures  i n  s turbonmchine. Both the steady s t a t e  pressure  and vol tage  

d r i f t  due t o  t h e  P i t r a n  o r  the  s i g n a l  condi t ioning e l e c t r o n i c s  a r e  ignored. 

The v a r i a b l e  gain i s o l a t i o n  ampl i f i e r  p e r n i t s  the  Model 861 output t o  be 

used d i r e c t l y  wi th  a recording device.  

The output of the  hot-i i l m  anemoneter was condit  i m e d  t o  enable the  

tape recorder t o  reproduce the  r o t o r  wake c h a r a c t e r i s t i c s  wi th  s u i t a b l e  

accuracy. The anemometer output conta ins  a D.C. vol tage  corresponding 

t o  the  average ve loc i ty  encountered and an A.C. vol tage  corresponding <o 

the  f l u c t u a t i n g  v e l o c i t y  i n  the  wake of t h e  upstraam r o t o r  blades.  Since 

the  A.C. por t ion  is coneiderably smal ler  than the  D.C. por t ion of the  

s i g n a l ,  the tape  recorder  could not  reproduce the  r o t o r  wake s i g n a l  with 

the des i red  accuracy. Therefore,  an ampl i f i e r  was designed t o  enhance the  

A.C. po r t ion  of the  s igna l .  A schematic of  the  A.C. ampl i f i e r  i s  shown i n  

Figure 20. 
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The ampl i f i e r  c o n s i s t s  of t w o  np-amp c i r c b i t s .  In the  f i r s t  op-amp 

c i r c u i t ,  a resistor was adjus ted  manually t o  con t ro l  a "b!~ski.ng" vol tage  

t o  cancel  the  D.C. por t ion of t h e  s i g n a l ,  leaving only the A.C. s i s ~ d  

a s  t h e  inpu t  t o  the  second op-amp ci rca l i t .  A r e s i s t o r  i n  t he  sccond 

op-amp c i r c u i t  was adjust*a t o  determine t h e  gain of the  c i r c u i t .  The 

output of the s i g n a l  condit ioning c i r c u i t  was the amplif ied A.C. po r t ion  

of the  anemometer s igna l .  The c i r c u i t  ga in  was set a t  15.00. This gain 

was found s u i t a b l e  f o r  preparing the  hot-f i lm s i g n a l  f o r  recording. 

The s t r a i n  gauge s i g n a l s  from the  instrumented r o t o r  b lade  were 

obtained using the  s t r a i n  gauge a s  one element i n  a standard Wheatstone 

bridge.  The br idge output was then amplif ied wi th  a ga in  of 10CO. A 

capaci tor  was used i n  the  ampl i f i e r  output t o  block the  steady vol tage  

caused by steady loading on t h e  r o t o r  b lade  and by s i g n a l  d r i f t  i n  the  

e lec t ron ics .  

Tne s i g n a l s  from severa l  of  the  P i t r a n s  were contaminated by a l a r g e  

60 Hz component. Since the  F i t r a n  output conta ins  no s i g n i f i c a n t  infor-  

mation near  t h i s  frequency ( t h e  lowest r o t o r  J l ade  passing frequency is  

200 Hz), a high-pass f i l t e r  s e t  a t  80 Hz was used t o  e l imina te  the  60 Hz 

s igna l .  The output of a l l  P i t r a n s  and the  hot-film anemometer s i g n a l  

were f i l t e r e d  a t  t h i s  s e t t P . ~ g .  

The outp,.: of '!e s t r a i n  gauges was f i l t e r e d  with a high pass f i l t e r  

s e t  a t  30 Hz a s  the lowest frequency of i n t e r e s t  is 67 liz. The once-per- 

revolut ion pulse  was f i l t e r e d  wi th  a low pase f i l t e r  s e t  a t  8000 Hz ~ h i c h  

has no s i g n i f i c a n t  e f f e c t  on the  pulse.  The o r i g i n a l  purpose of f i l t e r i n g  

a l l  t h e  da ta ,  ins tead  of f i l t e r i n g  only the  P i t r a n s  having the  60 Hz 

contamination, was t o  minimize t h e  e f f e c t  of the  phase s h i f t  introduced 

by the  f i l t e r .  With a l l  d a t a  having the  same phase s h i f t ,  i: was 



expected t h a t  r e l a t i v e  timing of the  transducer response would be  

maintained. 

However, t h e  f i l t e r s  do in t roduce a phase s h i f t  as a funct ion of 

input  frequency, Figure 21 shows the  phase s h i f t  a s  a funct ion of t h e  

r a t i o  of input  frequency t o  t h e  cutoff  frequency of t h e  f i l t e r  as given 

by Reference (22). This phase s h i f t  had a s i g n i f i c a n t  e f f e c t  on the  data .  

Figure 22 shows a hot-film s i g n a l  t h a t  was recorded a f t e r  being f i l t e r e d  

and the  same hot-film s i q n a l  t h a t  was recorded u n f i l t e r e d .  Each s i g n a l  

has been ensemble averaged using 100 sums. The dramatic d i f fe rence  

between the  two s i g n a l s  is caused by the  phase r e l a t i o n  of the  cons t i tuen t  

frequencies and made i t  necessary,  the re fo re ,  t o  co r rec t  the  data .  Each 

s i g n a l  was Four ier  analyzed, t h a t  is decomposed, i n t o  the  form: 

The Four ier  a n a l y s i s  of the  u n f i l t e r e d  s i g n a l  considered the  f i r s t  60 

terms of the  Four ier  s e r i e s ,  and the  f i l t e r e d  s i g n a l  ca lcu la ted  from the  

f i r s t  60 terms wi th  t h e  phase angle $I was adjus ted  t o  compensate f o r  the  

f i l t e r .  F igures  23 and 24 show t h e  magnitude and phase of these  s i g n a l s .  

Since these  two s i g n a l s  a r e  v i r t u a l l y  i d e n t i c a l ,  i t  is f e a s i b l e  t o  use 

the Four ier  analyses  and phase s h i f t  compensation technique t o  c o r r e c t  

the data.  

The t ape  recorder  used was a Be l l  and Howell seven-channel FM da ta  

tape recorder.  The recorder  was epera ted a t  1-718 i p s ,  r e s u l t i n g  i n  a 

cutoff  frequency of 1250 Hz. This was s u f f i c i e n t  t o  record four  times 

the h ighest  blade passage frequency encountered. Subsequent frequency 

ana lys i s  of a l l  the  s i g n a l s  showed t h i s  frequency l i m i t  t o  be adequate. 

Frequencies g r e a t e r  than 1250 Hz were present  i n  severa l  ?ot-film s i g n a l s ;  
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however, t h e i r  magnitude was not s u f f i c i e n t  t o  inf luence t h e  r e s u l t s .  

Only four  of t h c  tape  recorder channels were used, those channels using 

a s i n g l e  recording head, t o  e l imina te  the  phase s h i f t  introduced by using 

d i f f e r e n t  recording heads. To record the  twelve channels of information 

(nine P i t r ans ,  two s t r a i n  gauges, and t l ~ e  hot-f f l m  anemometer), th ree  

channels p lus  the synchronization pulse  were recorded, then th ree  

d i f f e r e n t  channels were s u b s t i t u t e d ,  wi th  the  opera t ing c o ~ d i t i o n  of the  

AFRF uuchanged. This proceos was repeated u n t i l  a l l  the  da ta  was recorded. 

The four  channels being recorded were monitored on an osci l loscope a t  the  

tape recorder input and a t  the  tape  recorder  reproduce terminal  t o  assure  

thp t  a l l  s i g n a l s  were being recorded p roper l ) ,  

A s  the da ta  was being recorded, the s i g n a l  from each repi-oduce 

terminal  of t h e  tape  recorder was analyzed with a Spec t ra l  Dy~lamics Real 

Time Analyzer Model SD301C. The analyzer  determined the  s i g n a l  outpu; 

a s  a function of frequency. The frequency spectrum was averaged s i x t e e n  

tines; then the  average frequency s p e c t r m  was p lo t t ed .  I n  t h i s  way, the 

frequency content  of :he "raw" d a t a  was knotm and provided z useful  check 

tha t  the  data  acqu i s i t ion  system was functioning properly a s  wel l  a s  

providing a means f o r  gaining i n s i g h t  i n t o  the  physical  s i t u a t i o n .  

A t o  D C o n v e . ~ s i o ~ ~  and Ensemble Averaging. The da ta  were analyzed - 
with an IBM System 7 real- t ime computer. The Systeni 7 was programmed t o  

perform an ensemble averaging technique. This technique enhances the  

por t ion of the  s i g n a l  t h a t  is pe r iod ic  with respect  to  a synchron!zation 

pulse.  Each s i g n a l ,  wherher frgm pressure  t ransducer ,  anemometer probe, 

or  s t r a i n  gauge bridge,  can be considered t o  be 250 sum of a response t o  

the  phenomena of i n t e r e s t  t h a t  i s  pe r iod ic  with respect  t o  t k  ro to r  

period; e.g. ,  the  v e l o c i t y  f l u c t u a t i o n  due t o  the  r o t o r  wake, p lus  a 
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s i g n a l  tha: is n o t  p e r i o d i c  w i th  r e s p e c t  t o  t h e  r o r o r  pe r iod .  The nan- 

p e r i o d i c  s i g n a l  could cons iF t  of t u r b u l e n t  f l u c t u a t i c n s ,  e l e c t r o n i c  n o i s e ,  

o r  a  response t o  even t s  no t  r e l a t e d  t o  t h e  r o t o r l s t a t o r  i n t a r a c t i o n .  

Since the: P i t r a n s  respond t o  p r e s s u r e  f l u c t u a t i ~ ~ ~ .  they n o t  on ly  respond 

t o  f l u c t u a t i o n s  caused by t h e  i n t e r a c t i o r  w i th  t h e  r o t o r ,  b u t  a l s o  t o  

a c o u s t i c  n o i s e  genera ted  i n s i d e  and o u t s i d e  of t h e  f an .  A s  d i s cus sed  

l a t e r ,  t h e r e  i s  a s i g n i f i c a n t  l e v e l  of a c o u s t i c  n o i s e  i n  t h e  P i t r a n  outpu;. 

Ennsemble-averaging c o n s i s t s  of t h e  poin twise  a d d i t i o n  of a  c i g n a l  

du r ing  one r o t o r  per iod  t o  t h s  s i g n a l  ob ta ined  du r ing  t h e  p rev lous  r o t o r  

per iod .  A s i g n a l  p e r i o d i c  w j th  t h e  r o t o r  per iod  w i l l  have i t s  ampli tude 

doubled, t h u s  p re se rv ing  t h e  s i g n a l ,  whi le  a  random o r  nonper iodic  s i g n a l  

from one per iod  w i l l  no t  correspond poin twise  w i t h  ano the r  pe r iod  and i t s  

sum w i l l  tend t o  d iminish .  To o b t a i n  t h e  p e r i o d i c  s i g n a l ,  t he  summed 

-1alue is then d iv ided  by t h e  number of sum:. used. I f  a s u f f i c i e n t l y  

l a r g e  ~.,imber of s - . L  a r e  used,  t h e  nonper iodic  porcion becomes n e g l i g i b l e  

compared t o  t h e  p e r i o d i c  p o r t i o n .  F igu re  2 5  shows t h e  e f f e c t  of t ak ing  

a  d i f f e r e n t  number of s u m .  

The t h r e e  c h a n n ~ ' s  of d a t a  and t h e  once-per-revolut ion s:-9chroni- 

z a t i o n  p u l s e  from t h e  t ape  r e c o r d e r  were used a s  t h e  i npu t  t o  Syscem 7. 

The computer program used had a  m i r i m u m  sampling r a t e  of 500 psec.  That 

is ,  i t  would d i g i t i z e  a  p o i n t  of t h e  i npu t  s i g n a l  every  500 psec.  Th i s  

r a r e  was t oo  low t o  g ive  s u f f i c i e n t  resoluciorr  of t he  s l g n a l .  5'0 

i n c r e a s e  t h e  r e s o l u t i o n ,  t h e  t ape  r eco rde r  playback-speed was ha lved ,  

from 1-718 i p s  t o  15/16 i p s .  The Sys t ca  7  then  d i g i t i z e d  and ense  '!led- 

average t h e  d a t a  channels  s e q u e n t i a l l y ,  one channel  a t  a  t ime,  s tclr lng 

t h e  r e s u l t s  from t h e  previoi is  channel  then swi tch ing  t o  t h e  next  c h a m e l  

u n t i l  t h e  a n a l y s i s  of a l l  t h r e e  channels  w.is c-np1ete. l .  The ensemble- 

averaged d a t a  were then punched on c a r d s  f o r  s t o r a g e  and a d d i t i o n a l  a n a l y s i s .  
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Instrument  C a l i b r a t i o n  

Instrumented S t a t o r  S t a t i c  C a l i b r a t i o n .  A s t a t i c  c a l i b r a t i o n  was - 
performed t o  de termine  t h e  s e n s i t i v i t y  of t h e  P i t r a ?  t r ansduce r s  t o  a 

known time-independent p re s su re .  This  s e n s i t i v i t y  i e  then  ~ s e d  t o  

conver t  t h e  v o l t a g e  ou tpu t  of t h e  t r ansduce r s  t o  a p re s su re .  A schematic  

r ep re senca t ion  of  t h c  c a l i b r a t i o n  procedure i s  shown Cn Figure  26. A 

known s t eady - s t a t e  p r e s s u r e ,  determined by a Validyne p re s su re  t r a n s d u c e r ,  

was supp l i ed  t o  a t e s t  chamber conLaining t h e  instrumented s t a t o r .  The 

r e f e r e n c e  s i d e  of t h e  P i t r a n s  wer6 connected t o  a tmospher ic  p r e s s u r e  

through t h e  bottom w a l l  o f  t h e  t e s t  chamber. The p r e s s u r e  i n  t h e  t e s t  

=hambet was no t  c o n s t a n t ,  but  f e l l  s lowly w i t h  t ime,  i n d i c a t i n g  a smal l  

amount of leakage  a long  t h e  O-ring s e a l  ho ld ing  t h e  P i t r a n .  The amount 

of  leakage  t h ~ t  would occur  du r ing  a tes: wi th  t h e  o i ade  i n s t a l l e d  i n  

t h e  AFW is no t  be l i eved  t o  have any e f f e c t  on t h e  P i t r a n  time-dependent 

o u t p u t ,  however, s i n c e  i n  t h e  AFPF, t h e  r a t e  of change is  s e v e r a l  o r d e r s  

of magnitude f a s t e r .  The smal l  l eakage  flow would be ventea  t o  atmos- 

p1:eric p r e s s u r e  and should not  a f f e c t  t h e  p r e s s u r e  on t h e  r e f e r e n c e  s i d e  

of thr. P i t r a n .  A photograph of t h e  s t a t o r  moun td  i n  t h e  test chamber 

is s h o w  i n  F '  3ure 27. 

The d i f f e r e n c e  Se tweel  t h e  ou tpu t  of t h e  P i r r a n  be fo re  and a f t e r  t h e  

p re s su re  was a p p l i e d  and t h e  outpuc of t h e  Validyne was compared t o  

o b t a i n  t h e  P i t z a n  s t 6 t i c  s e n s i t i v i t y .  This  procedure was performed f o r  

a range of s t a t i c  p re s su re s .  The s t anda rd  d e v i a t i o n  of t h e  s e n s i t i v i t y  

of t h e  P i t r a n s  a t  x/c = 0.02, 0.05, and O.i5 i n d i c a t e d  a n  u n c e r t a i n t y  of 

2 5 % .  '3%. and ?8%, r e s p e c t i v e l y .  
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The 861 Signal  Condit ioners were modified per the  manufacturer 's  

i n s t r u c t i o n s  t o  e l imina te  the  a c t i v e  feedback por t ion of the  c i r c u i t  t h a t  

cancels  long-term v a r i a t i o n s  i n  the P i t r a n  output.  This permitted the  

P i t r a n s  t o  respond t o  s teady s t a t i c  pressure.  In  t h i s  mode, the  P i t r a n  

output tended t m  d r i f t .  This  e f f e c t  was minimal during the  ca l ih ra tdon  

because the  P i t r a n  s i g ~ ~ a l  was recorded inmediately before and a f t e r  the  

pressure  was appl ied .  The s i g n a l  d r i f t  during t h i s  time was n e g l i g i b l e .  

The d a t a  from a  t y p i c a l  s t a t i c  c a l i b r a t i o n  a r e  shown i n  Figure 28. 

Instrumented S t b t o r  Dynamic Ca l ib ra t ion .  The f l u i d  i n  the  tube- 

cav i ty  system conrio-~ting t h e  P i t r a n  t o  the  surface  of the  ins t ru ren ted  

s t a t o r ,  Figure 13,  can inf luence the  pressure  i n  the  i n t e r i o r  c a v i t y  

s i n c e  the  f l u i d  experiences f r i c t i o n  and has i n e r t i a  and s t i f f n e s s .  As 

discussed i n  g r e a t e r  d e t a l l  i n  Appendix A,  the  pressure  i n  t h e  i n t e r i o r  

cav i ty  v a r i e s  i n  magnitude and phase a s  a  func t ion  of tube-cavity 

geometry, frequency of pressure  f l u c t u a t i o n s ,  and f l u i d  p roper t i e s .  

To de te rn ine  t h e  inf luence of the  cube-cavity arrangement on t h e  

transducer output ,  a s  wel l  a s  t o  determine the  Pisran dynamic s e n s i t i v i t y ,  

a  dynamic c a l i b r a t i o n  was performed. Sound waves were used a s  a  pressure  

source. A schemati: r ep resen ta t ion  of the c a l i b r a t i o n  design and ins t ru -  

mentation employed i s  shown i n  Figure 29. The amplif ied output of an 

o s c i l l a t o r  was used t o  d r i v e  a  three-way speaker which conta ins  waofer, 

midrange, and tweeter speakers with an  e l e c t r i c a l  cross-over network t h a t  

funct ions  t o  supply the  input t o  the  appropr ia te  speaker a s  a funct ion 

of frequency. A 114-inch Bruel and Kjaer condenser microphone, Type 

4136, and the  instrumented s t a t o r  were posi t ioned equ'distantly, approxi- 

mately 200 cm, from the speaker.  The sound p r e r x r e  sensed by the  micro- 

phone is assumed equal  t o  t h e  pressure  on the surface  of the instrumented 
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s t a t o r .  Th i s  assumption is only  v a l i d  a t  f r a a u e n c i e s  a t  which t h e  

p r e s s u r e  i n c r e a s e  caused by t h e  r e f l e c t i o n  of  sound waves from t h e  

s t a t o r  b l a d e  and microphone a r e  n e g l i g i b l e .  

The ou tpu t  of t h e  861 S i g n a l  Condi t ioner  was m a l y z e d  wi th  a S p e c t r a l  

Dynamics Corpora t ion  Model SD301C rea l - t ime  ana lyze r .  The a n a l y z e r  o u t p u t  

was d i sp l ayed  on an o s c i l l o s c o p e  a s  a  f u n c t i o n  of t h e  frequency.  The 

ou tpu t  of  t h e  P i t r a n  a t  t h e  frequency of t h e  i n c i d e n t  sound waves could 

be read  from t h e  o s c i l l o s c o p e .  Using t h i s  va lue  f o r  t he  P i t r a n  ou tpu t  

al lowed t h e  n o i s e  p re sen t  i n  t h e  s i g n a l  t o  be ignored .  

Using t h e  microphone c a l i b r a t i o n  (a  c o n s t a n t  va lue  from 150 t o  

15,000 Hz p e r  t he  manufac tu re r ' s  c a l i b r a t l o n j ,  t h e  microphone ou tpu t  

and t h e  ou tpu t  of each P i t r a n ,  t he  s e n s i t i v i t y  of each P i t r a n  can be 

determined as fo l lows:  

VOLTS 
P i t r a n  S e n s i t i v i t y  "OLTS = Microphone S e n s i t i v i t y  - 

p b a r  p b a r  

P i t r a n  Output [VOLTS] 
X Microphone Output [VOLTS] ' 

A s  t h e  microphone and t h e  ins t rumented  s t a t o r  a r e  e q u i d i s t a n t  from 

t h e  speake r ,  a phase meter  connected between t h e  Bruel  and Kjaer  ampli- 

f i e r  ou tpu t  and t h e  851 S i g n a l  Condi t ioner  ou tpu t  measares t h e  phase 

d i f f e r e n c e  between t h e  p r e s s u r e  on the  s u r f a c e  on t h e  b l ade  and t h e  

p re s su re  i n  t h e  i n t e r i o r  c a v i t y .  

Sample c a l i b r a t i o n s  showing P i t r a n  s e n s i t i v i t y  and phase ang le  v e r s u s  

frequency a r e  shown i n  F igures  30 and 31. The e f f e c t s  of tube-cavi ty  

resonance can  be seen.  The s e n s i t i v i t y  a t  f r e q u e n c i e s  g r e a t e r  t han  about  

500-600 Hz may a o t  be a c c u r a t e  due t o  wave r e f l e c t i o n  e f f e c t s .  The 

frequency a t  which wave r e f l e c t i o n  e f f e c t s  become s i g n i f i c a n t  a r e  
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s p e c i f i e d  i n  Reference (23) i n  which a c o r r e c t i o n  f o r  t h e  p r e s s u r e  

i n c r e a s e  on a microphone d iaphragn  caused by t h e  r e f l e c t i o n  of sound 

waves is  given.  A 2 dB change in t h e  microphone s e n s i t i v i t y  occu r s  :;hen 

t h e  i n c i d e n t  wavelength is  25% of t h e  microphone diaphragm diameter .  

Assuming geome t r i ca l  s i m i l a r i t y ,  a wavelength 25% of t h e  s t a t o r  b l ade  

dimension (a  squa re  approximately 15  cm on each  s i d e )  corresponds t o  a 

frequency of 550 Hz. 

The dynamic P i t r a n  s e n s i t i v i t y  i n  t h e  frequency range  g iv ing  a f l a t  

response agreed  well - 4 t h  s e n s i t i v i t y  obta ined  from t h e  s t a t i c  c a l i b r a t i o n .  

Instrumented Rotor. The senso r  p o r t i o n  of t h e  instrumented r o t o r  

b l ade  was s t a t i c a l l y  c a l i b r a t e d  by suppor t i ng  va ry ing  known masses and 

r eco rd ing  t h e  r e s u l t i n g  s t r a i n  gauge o u t p u t .  l h i s  r e s u l t e d  i n  a f o r c e  

- 3 
c e l l  s e n s i t i v i t y  of 4.198 x 10 vol t s /gm and a moment c e l l  s e n s i t i v i t y  

of 7.929 x lo-' v o l t s l d y n e  cm. 

The mechanical  resonance o f  t h e  s enso r  was a l s o  i n v e s t i g a t e d  us ing  

e l ec t romagne t i c  shake r s  t o  apply  time va ry ing  f o r c e s  and moments. The 

ins t rumented  segment oC t h e  r o t o r  b l ade  s u r f a c e  was r ep l aced  by a meta l  

b a r  w i th  a mass and moment of i n e r t i a  equa l  t o  t h e  r o t o r  segment. The 

shake r s  could be a r ranged  t o  provlde  e i t h e r  f o r c e s  o r  moments a s  shown 

i n  F igu re  32. Tin? f o r c e  ou tpu t  of a shake r  is independent of frequency,  

b u t  is d i f f i c u l t  t o  determine.  Therefore ,  t h e  ou tpu t  of t h e  shaker  i s  

determined us ing  t h e  s t a t i c  c a l i b r a t i o n  r e s u l t s  a t  f r equenc ie s  much less 

than  t h e  r e sonan t  f r equenc ie s  of t h e  s enso r .  The dynanic response  of t h e  

s enso r  t o  an a p p l i e d  f o r c e  is  shown i n  F igu re  33. 

Hot-Film Aner-ster.  The ho t  f i l m  anemometer was c a l i b r a t e d  i n  a 

sma l l  wind t ~ n n e l  shown schema t i ca l ly  i n  F igu re  3 b .  This  wind tunnel  

c o n s i s t s  of  a c e n t r i f u g a l  f a n ,  connec t ing  duc t ing ,  a c o n s t r i c t e d  t e s t  





FORCt GAGE 

e 

8 MOMENT GAGE 
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s e c t i o n ,  2 l a r g e  expansion s e c t i o n ,  a h e a t e r ,  and a s s o c i a t e d  e l e c t r i c a l  

con t ro l s .  The hot - f i lm probe is  i n s e r t e d  i n t o  a  probe ho lde r  i n  t h e  t e s t  

s e c t i o n .  The probe h o l d e r  a l s ?  c o n t a i n s  a t empera ture  sensor .  The 

v e l o c i t y  i n  t h e  t e s t  z e c t i o n  sensed by t h e  ho t  f i l m  is computea knowing 

t h e  p re s su re  drop a c r o s s  t h e  in l .e t  nozz l e  and t h e  d e n s i t y  of t h e  f low,  

T:ae p re s su re  d i f f e r e n t i a l ,  AP, i s  sensed by t h e  Validyne p r e s s u r e  t r ans -  

ducer and t h e  d e n s i t y  ts  computed from t h e  I d e a l  Gas Law, knowing t h e  

temperature and atmospheric  p re s su re .  Atmcspheric p r e s s u r e  was measured 

wi th  a  mercury barometer.  The c a l i b r a t i o n  c o r l s i s t s  of r s  > rd ing  t h e  hot -  

f i l m  output  7.s a  f u n c t i o n  of  v e l o c i t y .  A fatzi ly of cu rves  f o r  d i f f ~ i e n t  

a l r  temperatures  i s  nbta ined  by us ing  t h e  h e c t e r  t c  r e l s e  t h e  a i r  

tempei-titure. A t y p i c a l  c a l j - b r a t i o n  is shown i n  F igu re  35 .  
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PRESENTATION AKD DISCUSSIONS OF EXPERIMENTAL RESULTS 

Using t h e  i n s t rumen ta t ion  desc r ibed  above, measurements were con- 

ducted on t h e  wakes shed by t h e  r o t o r ,  t h e  upsteady s t a t i c  p r e s s u r e s  on 

t h e  s t a t o r  b l ades ,  and t h e  unsteady l i f t  and moment on t h e  ins t rumented  

r o t o r  b lade .  These measurements were conducted a s  a  f u n c t i o n  of  s t a t o r  

s t eady  inc idence ,  r o t o r / s t a t o r  spac ing ,  and c t a t o r  s o l i d i t y ,  o r  space-to- 

chord r a t i o .  The t e s t  v a r i a b l e s  v e r e :  

S t a t o r  inc idence :  - 2 ,  5 ,  and 1 7  degrees  

R o t o r / s t a t o r  spac ing:  0.5 and 2.0 r o t o r  chords  

S t a t o r  s o l i d i t - ? :  0.493 and 0.986. 

I n  t h e  fo l lowing  s e c t i o n s ,  t h e  d a t a  ob t a ined  v i t h  each uf t h e s e  

d i f f e r e n t  forms of i n s t rumen ta t ion  employed a r e  p r e s e n t ? .  and d i scus sed .  

Rotor Wakes 

The uns teady  p r e s s u r e s  on t h e  s t a t o r  b l ades  i n  t h i s  exper imenta l  

s e t u p ,  F igure  10,  a r e  genera ted  by t h e  !nterz:tion of t he  s t a t o r  b l ades  

and the  wakes shed by t h e  upstream r o t o r .  These r o t o r  wakes were 

meilmred us ing  a  hot - f i lm anemolneter a s  p rev ious  desc r ibed .  The 

anemometer was p laced  wi th  i ts  s e n s i n g  element  pe rpend icu l a r  t o  t h e  

flow. With t h e  anemometer so  p o s i t i o n e d ,  t h e  v e l o c i t y  v a r i a t i o n  as  

a  f n n c t i o n  of time was determined. Knowing t h e  p o s i t i o n  of t h e  

anemometer and t h e  a b s o l u t e  flow a n g l e ,  i t  i s  p o s s i b l e  t o  determine 

t h e  v e l o c i t y  v a r i a t i o n  due t o  t h e  r o t o r  wakes a t  t h e  l e a d i n g  edge of 

t h e  instrumented s t a t o r  b l ades .  

An impor tan t  element i n  o b t a i n i n g  t h e s e  time vary ing  d a t a  i s  t o  

r e f e r e n c e  t h e  time from a  g iven  s p a t i a l  l o c a t i o n  as t h e  r o t o r  b l ades  
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move p a s t  t h e  hot - f i lm anemometer. This  was accomplished by employing 

t h e  axe -pe r - , evo lu t ion  pu l se  from t?.e r o t o r  s h a f t  mounted p h o t o e l e c t r i c  

dev ice  desc r ibed  above. With t h i s  once-per - revolu t ion  pu l se ,  i t  i s  

p o s s i b l e  t o  ensemble-average t h e  ou tpu t  of  t h e  hot - f i lm anemometer t o  

remove t h e  random v a r i a 2 i o n s  i n  t h e  flow. 

F igure  36 (a) and (b) shows t h e  ensemble-averaged v e l o c i t y  v a r i a t i o n s  

a t  t h e  instrumented s t a t o r  l ead ing  edge as a  func t ion  o f  time f o r  each of 

t h e  r o t o r l s t a t o r  spac ings ,  s t a t o r  s o l i d i t i e s ,  and inc idence  a n g l e s  i n v e s t i -  

ga ted .  The in s t an taneous  v e l o c i t y  is  nondimensionalized by t h e  time-meal 

. c i r c u m f e r e n t i z l  averaged v e l o c i t y  which is given  by t h e  D.C. v o l t a g e  

output  of t h e  anemometer. Shown i n  Figure  36 a r e  t h e  wakes f o r  one 

r e v o l u t i o n  of  t h e  twelve-bladed r o t o r ,  i . e . ,  between coxsecut ive  t r i g g e r  

pulses .  The r o t o r  s h a f t  speed (1000 RPM) was i d e n t i c a l  f o r  s t a t o r  

i nc idences  of -2 and 5 degrees .  The RPM was increased  t o  1428 RPM t o  

o b t a i n  t h e  s t a t o r  i nc idence  c o n d i t i o n  of 17 degrees  as evidenced by the  

s h o r t e r  lapsed  t ime f o r  one r o t o r  r evo lu t ion .  

A t  a  r o t o r / s t a t o r  spac ing  of 0 .5  r o t o r  chord l e n g t h s ,  F igure  36 ( a ) ,  

t h e  wakes a r e  observed t o  have a s h a r p e r  d e f i c i t  i n  v e l o c i t y  than observed 

a t  a  r o t o r l s t a t o r  spac ing  of  2.0. P h i s  is caused by t h e  mixing and 

d i f f u s i o n  of t h e  wake a s  t h e  d i s t a n c e  from t l l c  i t o r  t r a i l i n g  edge is  

increased .  It is  a l s o  ev iden t  t h a t  t h e  b l ades  ., not a l l  geomet r i ca l ly  

s i m i l a r .  One b l ade  i n  p a r t i c u l a r  has a  g r e a t e r  v e l o z i t y  d e f i c i t ,  whizh 

i s  presumably caused by a s l i g h t  misalignment of  t h e  b iade  i n  the  r o t o r  

hub. 

To d e s c r i b e  the  response of t h e  s t a t o r  b l ades  t o  t h e  wakes of t h e  

r o t o r  b lades ,  an  averaged wake was cons t ruc t ed  from those  measured i n  

one r o t o r  r evo lu t ion .  Th i s  w s s  accomplished by breaking  t h e  measurements, 
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Figure 36, i n t o  twelve equal  time i n t e r v a l s  which were then averaged. 

This e f f e c t i v e l y  g ives  an average wake d e f i c i t  f o r  desc r ib ing  the response 

of t h e  s ta tor-blade .  This averaged d e f i c i t  w i l l  change f o r  each s t a t o r  

incidence angle,  s o l i d i t y ,  and r o t o r l s t a t o r  spacing. 

Figure 37 shows the  frequency a n a l y s i s  of t y p i c a l  hot-film s i g n a l s  

performed by the  Spec t ra l  Dynamics SD301C. The s i g n a l  can be seen t o  

conta in  s t rong responses a t  r o t o r  blade passing frequency (BPF) and 

mul t ip les  of BPF. Each higher mul t ip le  of r o t o r  BPF decreases i n  magni- 

tude. A t  a  r o t o r l s t a t o r  spacing of 2 ,  t h e  higher harmonics decrease 

rap id ly  such t h a t  the second harmonic is a p p r o x i m t c l y  14 dB l e s s  than 

the  s i g n a l  a t  r o t o r  BPF, and the  t h i r d  harmonic is not v i s i b l e  above back- 

ground noise.  A t  a  r o t o r / s t a t o r  spacing of 0.5, the  decrease i n  magnitude 

of each harmonic is more gradual;  f o r  example, the  four th  harmonic is 

10-15 dB l e s s  than t h e  response a t  r o t o r  BPF. 

The wake ve loc i ty  can be used to  c a l c u l a t e  the  v a r i a t i o n  of the  

angle a t  incidence a s  the wake reaches t h e  leading edge. Figure 38 shows 

t y p i c a l  v a r i a t i o n s  i n  the  instantaneous angle  of incidence during the  

i n t e r a c t i o n  with a  s i n g l e  v iscous  wake. This v a r i a t i o n  w i l l  decrease a t  

a  r o t o r / s t a t o r  spacing of 2.0 chord l eng th  s i n c e  the  wake is  more dff fused 

and mixed out .  

Unsteady S t a t o r  Blade Pressures  

The wakes shed from the  upstream r o t o r  b - v i e s  i n t e r a c t  with the  

downstream s t a t o r  blades t o  generate unsteady p ressures  and l i f t  on the  

s t a t o r  blades.  Using the inbtrumented s t a t o r s  previously  descr ibed,  

measurements were made of the  unsteady s t a t i c  p ressure  on both t h e  

suct ion and pressure  s i d e s  of the blades.  In  t h i s  experiment, the  

pressure  s i d e  of the  s t a t o r  was defined a s  t h a t  su r face  f a c i n g  the  r o t o r  
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a s  the r o t o r  moved toward the  9, tator.  The suc t ion  su r face  is then the 

opposite su r face .  This d e f i n i t i o n  is cons i s t en t  with the  c i rcumferent ia l -  

mean s teady flow which impinges on t h e  pressure  su r face  a t  a  p o s i t i v e  

value of s t a t o r  incidence. 

The s p e c t r a l  analyses  performed by the Spec t ra l  Dynamics Model SD301C 

real-time analyzer were used a s  a  means of a s sur ing  t h a t  the d a t a  acquis i -  

t i o n  system was funct ioning properly and a s  an a i d  t o  understanding the  

nature  of t h e  unsteady pressures  recorded by the  P i t r a n s .  A t  each chord- 

wise loca t ion ,  the  s i g n a l  c o n s i s t s  of a  broadened background response,  

presumably from turbulence i n  the  flow, and s t rong response a t  d i s c r e t e  

frequencies.  These d i s c r e t e  f  rcduencies correspond t o  the  r o t o r  blade 

passing frec..~ency, i t s  mul t ip les ,  and the  downstream a u x i l i a r y  f a n  blade 

passing frequency and i t s  mul t ip les .  Figure 39 shows a  t y p i c a l  P i t r a n  

response i n  the frequency domain. Also shown is  the  magnitude of the 

Fourier  c o e f f i c i e n t s  of the  same da ta  a f t e r  being ensemble-averaged using 

10C sums. Quite s t r i k i n g  is  the absence of the a u x i l i a r y  fan blade 

passing frequency i n  t h e  ensemble-averaged da ta .  Since i t  is not harmonic 

with respec t  t o  the  r o t o r  per iod,  the ensemble-averaging el iminated t h i s  

response. 

A s  d iscussed above, these  unsteady s t a t i c  pressures  were obtained a t  

two values  of r o t o r l e t a t o r  spacing (0.5 and 2.0 r o t o r  chord l eng ths ) ,  

th ree  s t a t o r  incidences  ( -2 ,  5,  and 1 7  degrees) ,  and two s t a t o r  s o l i d i t i e s  

(0.493 and 0.986). A s  a  r e s u l t  of t h i s  l a r g e  number of v a r i a b l e s ,  the re  

was a  considerable  volume of d a t a  obtained.  The p resen ta t i  A of a l l  of 

these data  is  not poss ible .  TLerefore, a p resen ta t ion  w i l l  be made of 

some t y p i c a l  d a t a  t o  demonstrate the type of d a t a  obtained and the  t rends  

observed. These data  w i l l  then be summarized t o  show t h e  e f f e c t s  of the 

var ious  t e s t  v a r i a b l e s  on the unsteady su r face  pressures .  

. ... ' ' *  Y... ;" -. *.- .-.. 
' C .  
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One method of  resenting t h e s e  d a t a  i s  t o  show the  v a r i a t i n n  of 

s t a t i c  p r e s s u r e  on both  t h e  s u c t i o n  and p r e s s u r e  s u r f a c e s  a s  a  f u n c t i o n  

of  t i m e .  These measurements were obta ined  by t a p i n g  one s i d e  of t h e  

t r ansduce r  c a v i t y  c lo sed ,  F igure  13. The p r e s s u r e s  observed a r e  t hen  

r e f e r enced  t o  t h e  atmospheric  p r e s s u r e ,  
'atm* 

a c t i n g  on t h e  back of  t h e  

t r ansduce r .  The r e s u l t i n g  s i g n i . 1 ~  from t h e  P i t r a n  t r a n s d u c e r s  were then  
- 

ensemble-averaged and converted t o  a  p r e s s u r e ,  p ,  ( p s i )  u s ing  t h e  c a l i -  

b r a t  ion  c o n s t a n t s  ob ta ined  du r ing  the  c a l i b r a t i o n  of t h e  P i t r a n s .  These 

d a t a  were nondimensional ized by t h e  f l u i d  mass d e n s i t y ,  P, t h e  time-nean 

c i r c u m f e r e n t i a l l y  averaged v e l o c i t y  a t  t h e  s t a t o r  i n l e t ,  V ,  and t h e  

maximum d e f i c i t  i n  t h e  r o t o r  wake, W . T h i s  r e s u l t s  i n  an  unsteady 
max 

? r e s s u r e  c o e f f i c i e n t  f o r  bo th  t h e  s u c t i o n  alld p r e s s u r e  s i d e s  of t h e  

s t a t o r  b lade .  Examples of t h e s e  d a t a  a r e  p re sen ted  i n  F igures  40 and 41 

f o r  a  s t a t 9 r  i nc idence  of -2 deg rees  and F igu re s  42  and 43 f o r  a  s t a t o r  

i nc idence  cE 17 degrees .  In t h e s e  f i g u r e s ,  t h e  t ime t = 0 i s  r e l e r enced  

t o  t h e  once -pe r - r evo lu t im  pu l se .  The p re sen ted  d a t a  a r e  f o r  a  r o t o r /  

s t a t o r  ::pacing of 2.0 r o t o r  chords  and a  s t a t o r  s o l i d i t y ,  a t  t h e  mean 

r a d i u s  of 0.986, and show t h e  response  of t h e  t ransdi icers  l oca t ed  a t  t h e  

v a r i o u s  chordwise p o s i t i o n s .  S i m i l a r  d a t a  were ob ta ined  f o r  a  r o t o r /  

s t a t o r  spac ing  of 0.5 and a s t a t o r  s o l i d i t y  of 0.493. These d a t a  a r e  

s i m i l a r  t o  t h ~ s e  ob ta ined  by o t h e r  i n v e s t i g a t o r s ,  Le fco r t  (9).  

Satyanarayana (I;), and Ostd iek  (24 ) ,  i n  t h a t  l a t e e  ampli tude v a r i a t i o n s  

a r e  observed near  the l ead ing  edge of t b e  b l a d e  which dec rease  r a p i d l y  

w i th  d i s t a n c e  a long  t h e  chord.  

Large a n g l e s  of i nc idence  produce much l a r g e r  p r e s s u r e  ampli tude 

v a r i a t i o n s  on t h e  s u c t i o n  s u r f a c e  nea r  t h e  ?eading  edge than  a r e  produced 

a t  sma l l e r  a n g l e s  of i nc idence ,  F igure  4 2  v e r s u s  F igu re  40. Furthermore,  
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Figure 40. Unsceady Pressure C o e f f i t i e , ~ t  versus Real 7"~:- 
Suction Surface, i = -2 Jeg (Continued) 
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f igure  41. Unsteady Pressure Zoefficient versus Q e a l  T i m -  

Prcssure Surface, i = -2 deg 
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Figure 42. Unsteady Pressure Coefficient versus Real Time- 
Suction Surface, i = 17 deg 
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Figure 43. Unsteady Pressure Coefficient versus Real Tine- 
Pressure Surface, 1 - 17 deg 
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Pressure Surface, 1 = i 7  deg (Continued) 
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t h e  p r e s s u r e  c o e f f i c i e n t  on t h e  s u c t i o n  s u r f a c e  f o r  i = 17 deg rees  a t  

l o c a t i o n s  a f t  of t h e  x / c  5 0.05 p o s i t i o n  shows some degree  of f l a t t e n i n g  

nea r  t h e  p re s su re  peaks. This  t ype  of response  resembles t h a t  ob ta ined  

by Satyanarayana (17) f o r  a f i x e d  cascade,  and by C a r t e r  and S t .  H i l a i r e  

(25) on the  o s c i l l a t i n g  a i r f o i l .  I n  bqth c a s e s ,  t h i s  f l a t t e n i n g  is 

a t t r i b u t e ?  t o  l o c a l  flow s e p a r a t i o n .  Hovever, a  more d e t a i l e d  exper imenta l  

s tudy  is  necessary  t o  p r e c i s e l y  pinp-i7.c t h e  e x i s t e n c e  of s e p a r a t i o n  i n  

t h e  experiment .  

An a l t e r n a t i v e  method f o r  viewing t h e  p r e s s u r e  f l u c t u a t i o n s  Fs t o  

expand t h e  time a x i s  t o  encompas- t h e  time r equ i r ed  f o r  t h e  passage o f  

a  s i n g l e  wake a c r o s s  t h e  b lades .  This  pe r iod  of time can be  computed 

from a  knowledge of  t h e  v e l o c i t y  over  t h e  s t a t o r  and t h e  s t a t o r  chord 

l eng th .  Typica l  p l o t s  of t h e  unsteady p re s su re  c o e f f i c i e n t  as a  f u n c t i o n  

of t h i s  nondimensional t ime,  t b ,  a r e  shown i n  F igu re s  44 and 45 f o r  s t a t o r  

inc idence  a n g l e s  of -2 and 17 deg rees ,  a  r o t c r l s t a t o r  spac ing  of 2.0 chord 

l eng ths ,  and a  s t a t o r  s o l i d i t y  of  0.986. A t: = 1 .0 ,  t h e  wake c e n t e r l m e  

is  a t  t h e  b i a d e  l e a d i n g  edge; when t: = 1.0,  t he  c e n t e r l i n e  is a t  t h e  

t r a i l i i l g  edge. D u ~ i n g  t h e  t ime r equ i r ed  f o r  t h e  passage  of a s i n g l e  

r o t o r  wake over  t h e  b l ade ,  a  second wake i n t e r a c t s  w i th  t h e  blade.  Thus, 

two wakes a r e  l y i n g  on t h e  s t a t o r  b l ade  a t  once. These p l o t s  permit  t h e  

examina2ion of t h e  v a r i a t i o n  of  t h e  s u c t i o n  and p r e s s u r e  s u r f a c e  p r e s s u r e  

c o e f f i c i e n t s  as a  f u n c t i o n  of cho rdv i se  p o s i t i o n  and time. 

A e  s i g n i f i c a n t  f e a t u r e  of t h e s e  d a t a  i s  shown i n  F igure  45. There 

is  an  obvioun phase s h i f t  i n  t h e  p r c s s u r e  OR t h e  s u c t i o n  s u r f a c e  between 

l o c a t i o n s  x / c  = 6.92 and x / c  = 0.05 when t h e  s t a t o r  b l ade  was ope ra t ed  

a t  17 degree3  of i nc idence .  The r e s u l t s  of t he  Four i e r  a n a l y s i s  of t h e s e  

d a t a  can b e  used t o  q u a n t i f y  such phase s h i f t  obser??at ions.  Each p re s su re  
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Figure 44.  Unsteady Pressure Coefficient Variation During 
the Passage of a S i n y l e  Rotor Wake, i = -2 deg 
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s i g n a l  was decomposed i n t o  t h e  form: 

where one pe r iod  of t h e  s i g n a l  (360") is  de f jned  a s  one r o t o r  r evo lu t ion .  

Thus, n  = 12 is the  f i r s t  harmonic of t h e  b l ade  pas s ing  frequency,  and 

n  = 24 is  t h e  second harmonic of b l ade  pas s ing  frequency.  The phase 

ang le  of t h e  unsteady p r e s s u r e s  on t h e  s u c t i o n  and p r e s s u r e  s u r f a c e s  of 

t h e  b l ade  a r e  p re sen ted  i n  F igures  46 through 49 a s  a  f u n c t l o n  of x / c  f o r  

d i f f e r e n t  v a l u e s  of r o t o r / s t a t o r  spac ing ,  s o l i d i t y ,  and inc idence  zng le .  

These phase a n g l e s  a r e  r e f e r enced  t o  t h e  s i g n a l  from t h e  once-per-re~r l u t i o n  

t iming  s i g n a l .  Thus, t h e s e  d a t a  i n d i c a t e  t h e  r e l a t i v e  behavior  of t h e  

p r e s s u r e s  on t h e  s u c t i o n  atld p r e s s u r e  s i d e s  of t h e  b l ade .  They do n o t ,  

however, i n d i c a t e  t h e  a b s o l u t e  va lue  of t h e  phase ang le  of t h e  p re s su re  

f l u s t u a t i o n s  w i th  r e s p e c t  t o  t h e  wake a s  it i n t e r a c t s  w i th  t h e  l ead ing  

edge of t h e  b lade .  

Of major i n t e r e s t  i n  t h e s e  d a t a  is t h e  obse rva t ion  t h a t  t h e  phase 

ang le  i s  n e a r l y  c o n s t a n t  on t h e  p r e s s u r e  s u r f a c e  of t h e  b l cde  whi le  i t  

undergoes s i g n i f i c a n t  changes on t h e  s u c t i o n  s u r f a c e .  Th i s  behavior  i s  

s i m i l a r  t o  t h a t  observed by Satyanarayana (17) f o r  a  cascade of a + - r f o i l s  

ope ra t ed  i r ~  a  s inusoidcrl  low frequency,  nonconvected d i s t u r b a n c e  flow. 

However, t h e  v a r i a t i o n s  observed by Sa tymarayanh were cont inuous  compared 

t o  t h e  e r r a t i c  behavior  observed i n  t h e s e  t e s t s .  F u r t h e r ,  Satvanarayana 

showed h i s  v a r i a t i o n s  i n  phase a n g l e  t o  be a  f u n c t i o n  of t h e  s t a g g e r  

ang le  of t h e  t l a d e .  I n  t he se  t e s t s ,  i t  is suspec ted  t h a t  t h e s e  l a r g e  

v a r i a t i o n s  i n  phase ang le  a r e  a s s o c i a t e d  wi th  l o c a l  f l o d  s e p a r a t i o n .  

This  is suppor ted  by t h e  f a c t  t h a t  a t  -2 degrees  i nc idence ,  t h e  v a r i a t i o n s  

of phase a n g l e  a r e  much less than  a t  17 deg rees  i nc idence .  
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Figure 47. Unsteady Pressure Phase Angle versus 
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Figure 67. Unsteady Pressure Ph,\se Angle versus 
x / c  - R / S  = 0 . 5 ,  a = 0.986 (Continue31 
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Figure 48. Unsteady Pressure Phase Angle versus 
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Figure 48.  Unsteady Pressure Phase Angle versus 
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The phase angle  4 f o r  n = 12 and n = 24 can be used t o  compute t h e  

d i f fe rence  i n  phase angle between the  pressure  and suc t ion  su r faces  of 

t h e  blade.  Th i s  phase angle d i f fe rence ,  def ined as:  

is  shown i n  Figures 50 and 51 a s  a funct ion of ir.cidence angle a t  

constant  values  of x/c. Considering the  response when n = 12, t h i s  phase 

angle  d i f f e r e n c e  e x h i b i t s  a d e f i n i t e  t rend with incidence angle i n  which 

t h e  phase angle  d i f fe rence  decreases with increas ing incidence angle. 

This means t h a t  the  p ~ e s s u r e  f l u c t a a t i o n s  on t h e  suct ion and pressure  

su r face  a r e  tending toward a condi t ion where they a r e  i n  phase with each 

o the r .  

A t  a s t a t o r  incidence of -2 degrees ,  t h e  phase angle d i f f e r e n c t  i s  

near 180 degrees f o r  loca t ions  nearer  the  l ead ing  edge. A t  s t a t o r  

iacidence of 5 degrees,  phase angle d i f f e r e n c e  dev ia t ions  from 180 

degrees become more apparent ,  e s p e c i a l l y  a t  x/c = 0.15. F i ~ a l l y ,  a t  a  

s t a t o r  incidence of 17 degrees,  the phase angle d i f fe rence  d i f f e r s  from 

180 degrees by a l a r g e r  aaount,  wi th  l a r g e  v a r i a t i o n s  berween p o s i t i o c s  

along the  b l ~ d e .  A t  R/S = 2 and a s o l i d i t y  of 0.986, f o r  example, 

$12(su~ t ion)  - $lZ(pressure) = 3 degrees a t  x l c  = 0.15 i n d i c a t e s  t h a t  

the pressures  cn opposi te  s i d e s  of the  b lade  a r e  nea r ly  i n  phase. The 

phase angle  between the  suc t ion  and pressure  su r faces  f o r  n = 24,  two 

times blade p3ssing frequency, e x h i b i t s  the  same t rends  a s  the  phase 

angle a s  when r. = 12. 

A s  shown in Figure 50, the phase angle d i f fe rence  cons i s t en t ly  

decreases wi th  increasing incidence and a l s o  decreases  with d i s t a n c e  

from t h e  leading edge. While i t  i s  not  p l o t t e d  i n  Figures 51 and 52, 
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Figure 50. Suction and Pressure Surface Phase Anglo Difference 
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Figure  51. Suct ion  and P re s su re  Surface  Phase Angle D i f f e r ence  
ve r sus  Inc idence  Angle--Twice Blade Passinp, Harv*raic 
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Figure 51. Suction and Pressure Surface Phase Angle Difference 
versus Incidence Angle--Twice Blade Passing Harmonic 
(Continued) 
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examinat ion of F igu re s  46 through 49 i n d i c a t e s  t h a t  t h e  phase a n g l e  

d i f f e r e n c e  between t h e  s u c t i o n  and p re s su re  s u r f a c e s  approaches ze ro  a t  

t h e  t r a i l i q g  edge. This  demonst ra tes  t h e  marmer i n  which t h e  Kutta  

cond i t i on  t h a t  t h e  p re s su re  d i f f e r e n c e  a t  t h e  t r a i l i n g  edge, C>(TE), is  

satisfied. I f  t h e  p re s su re s  on t h e  s u c t i o n  and p re s su re  s u r f a c e s  a r e  

i n  pnase, then  a  p re s su re  can e x i s t  on both  s u r f a c e s  but  t h e i r  d i f f e r e n c e  

is zero .  On t h e  o t h e r  hand, i f  the  p r e s s u r e  is 180 deg rees  ou t  of , . lase, 

t h e  p r e s s u r e  on each s u r f a c e  must be  ze ro  f o r  t h e  Kutta  cond i t i on  t o  hold .  

T h e o r e t i c a l  models p r e d i c t  t h a t  t h l s  l a t t e r  approach i s  r e a l i z e d .  

F igLre  52 shows t h e  change which occu r s  i n  phase :-ngle between 

x / c  = 0.02 and x / c  = 0.05, and 0.15 f o r  t h e  s u c t i o r ~  s i d e  of the  b lade  

a s  a  func t ion  of 1nc.idense ang le .  A ~ l e a r  t r end  wi th  inc idence  i s  

observed;  t h e  p r e s s u r e s  a r e  i n  phase f o r  an i nc idence  of -2 degrees  and 

becoming i n c r e a s i n g l y  out  of phase a s  t h e  i nc idence  i n c r e a s e s .  For an 

inc idence  o i  17 deg rees ,  t he  phase s h i f t  between x /c  = 0.0? and x;c = 0 Q5 

is  u e a r l y  180 deg rees  a t  a  s o l i d i t y  of 0.986, but is q u i t e  sme l l  st 

s o l i d i t y  = 0.493. The phase s h i f t  between x / c  = 0.02 and x / c  = 0.15 is  

not  app rec i ab ly  a f f e c t e d  by s o l i d i t y .  There a r e  no apparent  e f f e c t s  due 

t o  r o t o r l s t a t o r  spac ing .  

Because of t h e  l a r g e  number of v a r i a b l e s  i n  thFs t e s t  program, i t  

is necessary  t o  summarize t h e  response  of t h e  s t a t o r  b l ades  t o  t h e s e  

v a r i a b l e s .  S ince  t h e  p r e s s u r e  t r a c e s  desc r ibed  above i n d i c a t e  t h a t  the  

major c o n t r i b u t i o n  of t h e  wakes t o  t h e  unsteady p re s su re  on t h e  s t a t o r  

occu r s  a t  t h e  l e a d i n g  edge of t h e  b l ades ,  t hose  v a r i a t i o n s  a t  x / c  = 0.02 

have been used t o  c h a r a c t e r i z e  t he  behavior  of  t h e  e n t t r e  b lade .  The 

t r end  of  t h e  unsteady p r e s s u r e s  a t  x/c = 0.05 and 0.15  a r e  s i m i l a r .  

R ~ t h e r  t han  cona ide r ing  the  v a r i a t i o n  of p r e s s u r e  on each s u r f a c e ,  

t h e  d i f f e r e n c e  i n  p reasu re  between t h e  s u c t i o n  and p r e s s u r e  s u r f a c e s  i s  
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used.  This  q u a n t i t y  i s  r e l a t e d  t o  the  magnitude of  the  unsteady l i f t ,  o r  

t h e  pzessure  d i p o l e ,  at. t h e  b l ade  l ead ing  edge. This  p r e s s u r e  d i f fe re . ,ce  

i s  d e f i n e d  a s  t h e  RMS of t h e  magnitude of t h e  peak-'-0-peak v a r i a t i o n .  

Thus, a  p r e s s u r e  c o e f f i c i e n t ,  Cpms,  i s  de f ined  a s :  

AP 
il 

rms = 0.707 v 

- 1 { ' ( P s ~ c t i ~ n  P p r e s ~ ~ r e  peak-to-peak 1 .  

Figu res  53, 54,  5 5 ,  a ~ l d  56 p r e s e n t  t h e  v a r i a t i o n  of  Cp a s  a  
r ms 

func t ion  of r o t o r l s t a t o r  s p c i n g ,  s o l i d i t y ,  i nc idence  anf  , and chordwlse 

l o c a t i o n ,  r e s p e c t i v e l y .  

These t r e n d s  i n  t he  d a t a  should be cons ide re3 ,  k w e v e r ,  i n  che I l g h t  

t h a t  on ly  two va lues  of r o t o r / s t a t o r  spac ing  and s o l i d i t y  were evs lua t ed .  

As  p r ev ious ly  mentioned, the lnsteady p r e s s u r e  response  dec reases  r a p i d l y  

w i th  l o c a t i o n  a long  t h e  chord.  A t  x / c  = 0.15 ,  Cprms 1: g e n e r a l l y  about  

1 / 4  t h e  va lue  of Cpms a t  x / c  = 0.02. The '.. Plowing d i s c u s s i o n s  a r e  based 

on t h e  t r e n d s  of Cprms a t  x / c  = 0.02. These d a t a  i n d i c a t e  t h a t  a  major 

e f f e c t  on CPrms i s  due KU t h e  s o l i d i t y  of t h e  s t a t o r  b lade  row. For 

example, a t  a  ~ c w  s t a t o r  s o l i d i t y ,  a = 0.493, t h e r e  i s  l i t t l e  e f f e c t  of 

i c c idence  a n g l e  and r o t o r / s r , a t o r  spac ing  on Cp . However, a t  a 0.986, r m s  

t h e r e  a r e  l a r g e  e f f e c t s ,  p a r , i c u l a r l y  a t  h igh  v a l u e s  of inc idence .  

Pd r the r ,  t h e r e  i s  a s i g n i f i c a n t  i n c r e a s e  i n  Cpms a t  1 7  deg rees  inc idence  

f o r  a  s o l i d i t y  of 0.486. There appears  t o  he a t r end  wi th  i nc idence ,  

Figur - 55, which i n d i c a t e s  a p o s i t i v e  va lue  of i n c i d e n c ~  a n g l e  a t  a 

minimum va lue  of Cpms is  experienced.  This  e f f e c t  is  s i n i l a r  t o  t h a t  

observed 00th expe r imen ta l l y  and a n a l y t i c a l l y  wi th  the unsteady l i f t  Qn 
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a cascade (16) f o r  values  of i a c i d ~ n c e  l e s s  than 8 degrees. In  t h i s  case,  

the  unsteady l i f t  decreases  with p o s i t i v e  incidence due t o  the  ex i s t ence  

of a chordwise component of t h e  d is turbance ve loc i ty .  The inc rease  i n  

CPms a t  a n  incidence of 1 7  degrees is due t o  t h e  f a c t  t h a t  only the  

pressure  a t  t h e  leading edge (x/c = 3.02) is  being s h a m .  A t  o the r  

chordwise pos i t ions ,  the  unsteady pressure  and presumably the  unsteady 

l i f t  i s  g rea t ly  reduced. 



COMPARISON OF THEORETICAL AND IXF'ERXMENTAI. RESULTS 

Unsteady S t a t o r  Pressure Distr ibut:ons 

I d e a l l y ,  the  data  measured i n  t h f s  study s h o d d  be compared wi th  

an e x i s t i n g  t h e o r e t i c a i  a n a l y s i s  which p r e d i c t s  the  unsteady pressures  

r e s u l t i n g  from the  i n t e r a c t i o n  of the waken of an upstream r o t o r  on 

the  s t a t o r  blades.  I f  such a  compariscm shows good agreement then the 

t h e o r e t i c a l  a n a l y s i s  could be employed t o  determine the  in f luence  of 

the  var ious  s t a t o r  geometricai parameters--solidity,  s t agger  angle ,  

camber--on the  generation of unsteady p ressures  f c r  a  given r o t o r  wake 

f l w  f i e l d .  However, the  e x i s t i n g  f o r m u l ~ t i o n s  f o r  p red ic t ing  the  

unsteady p ressures  --n a  cascade (13, 14) do not consider the  i n t e r a c t i o n  

of the  b lades  wi th  narrow wakes, but r a t h e r  a  s inuso ida l  varying inflow, 

and furthermore, they a r e  not  formulated t o  c a l c u l a t e  t h e  unsteady 

pressures.  The only known a n a l y s i s  i n  which the  narrow wake i n t e r a c t i o n  

is considered is  by Meyer ( 7 ) .  However, i t  constders  only an  i s o l a t e d ,  

two-dimensional a i r f o i l .  While the re  a r e  many d i s s i m i l a r i t i e s  between 

a s t a t o r  cascade and an i s o l a t e d  a i r f o i l ,  t he  da ta  obtained i n  t h i s  

study were ccspared with Meyer's ana lys i s .  

Meyer ( 7 )  was ab le  t o  ob ta in  t h e  unsteady pressure  d i s t r i b u t i o n  of an 

i s o l a t e d  f l a t  p l a t e  a i r f o i l  moving through a  viscous wake when the  flow 

is assumed t o  be two-dimensional, i n ~ o ~ n ~ r e s s i b l e ,  and inv i sc id .  Since 

pe r fec t  f l u i d  theory (zero v i s c o s i t y )  cannot account f o r  the  formation 

of viscous wakes or  t h e i r  d i s s i p a t i o n ,  a  d e s c r i p t i o n  of the  wakes must 

be supplied from another source. The wake i s  analyzed a s  a  region 

conta ining v o r t i c l t y .  but  governed by the  vor tex  laws of p e r f e c t  f l u i d s  

theory . 
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For l ight ly- loaded,  t h i n  a i r f o i l s ,  t h e  equat ions  of motion may be 

l inea r i zed .  The e f f e c t s  of camber, blade th ickness ,  and angle of a t t a c k  

of the  main flow (outs lde  of t h e  wakes) may be ca lcu la ted  separa te ly  end 

the  r e s u l t s  superimposed on the  s c l u t i o n  f o r  flow a t  zero angle of a t t a c k  

on a f l a t  p l a t e ,  

Meyer ( 7 ) ,  however, coneidered a  f l a t  p l a t e  a t  zero angle of a t t a c k  

wi th  t h e  grometry shown i n  Figure 57. (Meyer's conf igurat ion wi th  an  

upstream s t a t o r  can b e  e ~ p l i e d  t o  a  downstream s t a t o r  arrangement by a  

c a r e f u l  in terchange of ve loc i ty . )  The vrke  a x i s ,  a  l i n e  connecting the 

po in t s  of maximum v e l o c i t y  i n  the  j e t ,  is a t  an angle  B t o  the  a i r f o i l  

or  the  b lade  under considera t ion.  The v e l o c i t y  de fec t  can then be 

expressed a s  components p a r a l l e l  and perpendicular  t o  the  blade: 

u = -w(S)  cos 8 d 

and 

It is  a l s o  assumed t h a t  the  wake maintains a constant  v e l o c i t y  p r o f i l e  

and is not d i s t o r t e d  by t h e  blade. Using the approximation t h a t  tiie 

v e l o c i t y  de fec t  is  small compared t o  t h e  v e l o c i t y  r e l a t i v e  t o  t h e  blade 

ou t s ide  of the  wake, V ,  and neg lec t ing  terms of higher order ,  Meyer 

s impl i f i ed  t h e  momentum equation t o  obta in:  

where C is  t h e  t o t a l  v o r t i c i t y .  The a n a l y s i s  is a l s o  r e s t r i c t e d  t o  t h i n  

wakes; i . e . ,  i f :  

2b 
P -- 

c s i n  8 ' 
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wbere 2b is  the  wake th ickness  where the  wake v e l o c i t y  d e f e c t  is one-half 

of the  maximum d e f e c t ,  the  a n a l y s i s  r e q u i r e s  t h a t  h << 1. 

Meyer developed the  following expression f o r  the  unsteady pressure  

assuming i n f i n i t e l y  t h i n  wakes: 

where ? r e f e r s  t o  the  pressure  and suct ion s i d e  of the  blade,  r e spec t ive ly .  

This  expression uses the  nondimensional q u a n t i t i e s :  

where 

ist ' 
dw . 

- 
U is the in tegra ted  v e l o c i t y  de fec t  per b lade  chord and represen t s  the  

e f f e c t  of the  wake, and W(6) i s  the  wake v e l o c i t y  p r o f i l e  where the 

v a r i a b l e  5 is  the  d i s t a n c e  measured from the  wake c e n t e r l i n e .  The 

component of t h e  wake p r o f i l e ,  W(S), p a r a l l e l  t o  the  blade is ignored 

and t h e  function S(w)  i s  the  fami l i a r  Sears function.  The nondimensional 

time t '  has the  value  -1 when the  wake is  a t  the leading edge of the  

a i r f o i l  and +1 when the  wake reaches the t r a i l i n g  edge. The funct ion 

T ( t t )  has the  va lue  zero f o r  t '  < -1. A t  t '  = -1, T ( t t )  hcs  a s ingu la r  
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point  i n  the  pressdre  d i s t r i b u t i o n  a t  the  leading edge i n  s teady flow. 

For -1 < t '  < w, T ( t l )  decreases  monotonically t o  zero a t  0 0 ,  ind ica t ing  

t h a t  the  wake has  a decrea!ine inf luence a s  i t  passes  the  Ieadinp ~ 3 g e  

and t r a v e l s  downstream. 

Lefcort  (9) extended Meyer's a n a l y s i s  f o r  wakes of f i n i t e  but small  

th ickness  by superimposing the  s o l u t i o n s  of many i n f i n i t e l y  t h i n  wzkes 

and determined t h a t :  

where 

The nondimensional time to' is  s i m i l a r  t o  the  previously used t '  but 

r e f e r s  t o  the  c e n t e r l i n e  of the  wake. The nondimensional d i s t ance  5' 

is defined as :  

The equations f o r  6 s t a t e  t h a t  the  pressure  d i s t r i b u t i o n  on a f l a t  p l a t e  

remains s i m i l a r  a t  a l l  times and does not depend on the  shape cf  the  

wake. The funct ion T ( t ' )  is tabula ted  by Meyer ( 7 )  and more extensively  

by Lefcor t  (9) .  

Several  a spec t s  of the  theory w i l l  be considered: t h e  magnitude of 

the  unsteady pressures  and the  shape of t h e  pressure  d i s t r i b u t i o n ;  

s p e c i f i c a l l y ,  t h e  decrease  i n  magnitude wi th  loca t ion  along the  chord. 

The expression ior p, Equation (4), s t a t e s  the chordwise v a r i a t i o n  of 

the  unsteady a ressure  depends only  on tan  (012) and t h e  time v a r i a t i o n  

depends only on T ( t O ' ) .  Therefore,  the  unsteady pressure  a t  any loca t ion  
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on the  b lade  is  s i m i l a r  t o  but d i f f e r e n t  i n  magnitude from a l l  o the r  

loca t ions  a t  each ins tance  i n  time. 

The unsteady pressures  on t h e  pressure  and suct ion s i d e  of the  blade 

a t  a  constant  value  of x/c a r e  predic ted  t o  be opposi te  i n  s igns ;  i . e . ,  

180 degrees o u t  of phase and equal i n  magnitude. The v a l i d i t y  of t h e  

p red ic t ion  t h a t  p ressures  on opposi te  s i d e s  of t h e  blade a r e  180 degrees 

out  of phase has  been previously discussed.  A t  l o c a t i o n s  near the 

leading edge, the pressures  a r e  nea r ly  180 degrees out  of phase. The 

phase angle  changes a t  o the r  loca t ions  on t h e  blade.  This  dev ia t ion  from 

180 degrees inc reases  with increas ing incidence angle.  

The peak-to-peak magnitude of t h e  measured pressure  c o e f f i c i e n t ,  

i/pvmaX V,  summarized i n  Figure 58, shows the  magnitude of the  pressure  

c o e f f i c i e n t  on the suct ion and pressure  s i d e  of the  blade t o  be equal  

only a t  an  incidence of -2 degrees,  a t  the  pos i t ion  x/c = 0.02 and with 

a s o l i d i t y  of 0.986. The pressure  c o e f f i c i e n t s  a r e  wi thin  10% of each 

other  far  chese condi t ions  with a s o l i d i t y  of 0.493. A t  a l l  o the r  

pos i t ions  an the  blzds: and al! o the r  incidence: the  magnitude of the  

c o e f f i c i e n t s  a r e  not  equal .  This demonstrates, a s  would be expected, 

t h a t  the  inf luence on angle of incidence i s  t o  make t h e  pressures  on the  

suc t ion  and pressure  su r faces  unequal. I f  Meyer's ana lys l s  were a l t e r e d  

t o  include the  e f f e c t s  of angle  of incidence,  a t  b e s t ,  i t  would p r e d i c t  

the d i f fe rence  i n  pressure  between t h e  suc t ion  and pressure  su r faces .  

A cciuparison of t h e  chordwise v a r i a t i o n  of the measured and pre- 

d ic ted  pressure  d i f f e r e n c e  ac ross  t h e  blade,  Cpms [defined by Equation 

(6 ) ] ,  Is shown i n  Figure 59 f o r  a r o t o r l s t a t o r  spacing of two chord 

leqgths ,  2 s o l i d i t y  of 0.986, and an incidence of -2 degrees. This 

comparison i n d i c a t e s  t h a t  the  shape of t h e  v a r i a t i o n  of Cpms along the  

chord from both the  theory and t h e  experiment a r e  somewhat s i m i l a r .  The 
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Figure 59. Comparison of Measured and P r e d i c t e d  Cpms 
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magnitude of  t h e  uns teady  p r e s s u i e  d i f f e r e n c e ,  
Cpm,, 

a t  x l c  = 0.02 

p r e d i c t e d  by t heo ry  is  l e s s  than  t he  measured v a l u e  and a r e  compared i n  

F igure  60. The p r e d i c t e d  v a l u e  is g e n e r a l l y  about  one-half t h e  measured 

va lue .  However, t h e  p r e d i c t e d  v a l u e s  a r e  f o r  a n  i ' solated a i r f o i l ,  z e r o  

s o l i d i t y .  When t h e s e  p r e d i c t e d  v a l u e s  a r e  compared w i th  t h e  v a r i a t i o n  

'prms w i th  s o l i d i t y  ( s e e  F igu re  5 4 ) ,  i t  appea r s  t h a t  t h e  measured d a t a  

a r e  t end ing  t~ the  p r e d i c t e d  v a l u e  a t  u = 

The parameter ,  h ,  r e q u i r e d  t o  be much l e s s  t han  one i n  t h e  develop- 

ment of  tL? theory ,  v a r i e s  from 0.15 a t  r occ r , ' s t a to r  s ~ : - i n g  of  2.G t o  

0.07 a t  r o t o r l s t a t o r  spac ing  of 0.5. Thus, t h e  condit ior .  - ha t  X << 1 

h a s  been fu1f i ; l ed  by t h e  exper imenta l  d a t a .  

I n  g e n e r a l ,  t h e  comparison of t he  measured unsteady p r e s s u r e s  in a  

cascade  w i t h  t h e  i s o l a t e d  a i r f o i l  a n a l y s i s  by Meyer ( is  poor. The 

v a r i a t i o n  i n  measured d a t a  w i t h  r o t o r / s t a t o r  spac ing  is a  f u n c t i m  of  

t h e  wake f low i n t e r a c t i n g  w i t h  t h e  b l a d e s  and r e p r e s e n t s  t h e  : . p u t  t o  

e:ther a  cascdde  o r  i s o l a t e d  a i r f o i l  a n a l y s i s .  On t h e  o t h e r  hand, t h e  

i n f l u e n c e  of s o l i d i t y  and t h e  chordwise component of t he  wake a r e  n o t  

inc luded  i n  Meyer 's  a n a l y s i s .  The p r e s e n t  d a t a  i n d i c a t e  t h a t :  (1)  a!: 

l a r g e  a n g l e s  of i n c i d ~ n c e  which g i v e  an  a p p r e c i a b l e  chordwise bake 

component, t h e  chordwise component does  indeed c m t r i b ~ l t e ,  F igu re  55; 

and (2 )  t h e  s o l i d i t y  o r  t he  cascade  does  i n f l u e n c e  t h e  ans teady  p r e s s u r e s  

on t h e  b l a d e s ,  F igu re  54. Add i t i ona l l y .  r l t h o u g h  n o t  i n v e s t i g a t e d  i n  

t h i s  s t u d y ,  t h e r e  w i l l  b e  a n  i n f l u e n c e  3f  s t a g g e r  a n g l e  a s  demonstrated 

by Satyar r ayana ' s  d a t a  (17) .  Thus, a  b e t t e r  t heo re tLca1  model should 

be developed f o r  t h e  i n t e r a c t i o n  of t h i n  wakes w i t h  a  cascade  of a i r f o i l s  

which i n c l u d e s  t h e  e f f e c t s  of t h e  chordwise wake c o m p o ~ ~ e n t ,  blade-to-blade 

i n t e r a c t i o n s  ( s o l i d i t y )  and s r a g q e r  ar.gle. 



Rotor/ 
stator Cpms 
Spacing InciJence S o l i d i t y  Measurea Predic ted  

Figure 69. Comparison of Cprms Measured and Predicted at 
x/c = 0.:' 
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Unsteady Rotor  Force and Moment 

The p o t e n t i a l  i n t e r a c t i o n  bctween t h e  moving r o t o r  b l a d e s  and t h e  

s t a t i o n a r y  s t a t o r  b l ades  g e n e r a t e s  an unsteady f o r c e  and moment on each  

b l ade  row. Using t h e  instrumented r o t o r  b lade  d i scus sed  above, measure- 

ments of  t h e  r o t o r  unsteady l t f t  and moment were made. The test v a r i a b l e s  

were i d e n t i c a l  t o  t h o s e  i n  t h e  p rev ious ly  desc r ibed  measurements of  t h e  

unsteady p r e s s u r e s  on t h e  s t a t o r  b l ades .  keasurements  o f  t h e  unsteady 

l i f t  and momene were f i r s t  made i n  che absence of unsteady p o t e n t i a l  f low 

e f f e c t s  by o p e r a t i n g  t h e  r o t o r  w i t h  t h e  s t a t o r  b l a d e s  removed. I n  t h i s  

c o n d i t i o n ,  t h e  o u t p u t  from t h e  s t r a i n  gauge instrumented r o t o r  would 

r e s u l t  from: s t r u c t u ~ a l  v i b r a t i o n ,  v i s cous  wakes from t h e  t h r e e  c e n t e r  

s h a f t  suppc-t  s t r u t s  l oca t ed  f a r  upstream of t h e  r c t o r ,  t u rbu lence  i n  t h e  

r o t o r  in f low,  and any uns t ead ines s  o r  s t eady  c i r cumkeren t i e l  f l ~ w  d i s -  

t o r t i o n  i n  t h e  supposed uniform i n l e t  flow. These d a t a  a r e  used a s  a  

background r e f e r e n c e ,  t o  be s u b t r a c t e d  from d a t a  measured wi th  t h e  

s t a t o r  b l a d e s  i n s t a l l e d ,  t h u s  e s t a b l i s h i n g  p o i e n t i a l  f low i n t e r a c t i o n s .  

A l l  of t h e  unsteady l i f t  and moment d a t a  were ensemble-averaged 

us ing  100 sums and then  F o u r i e r  ana lyzed .  The s t r o n g e s t  p o t e n t i a l  

i n t e r a c t i o n  would be obta ined  wi th  t h e  s m a l l e s t  r o t o r l s t a t o r  spac ing  

and h i g h e s t  s t e a d y  load ing  (10) .  The magnitude o: me F o u r i e r  

c o e f f i c i e n t s  c f  t h e  unsteady l i f t ,  o r  normal f o r c e  f o r  t h i s  c o n d i t i o n  

( r o t o r l s t a t o r  spac ing  of  0.5 and s t a t o r  i nc idence  of 1 7  deg rees )  and t h e  

c o e f f i c i e n t s  of  t h e  background a r e  shown i n  F igu re  61. These c o e f f i c i e n t s  

a r e  shown a s  t h e  gauge ou tpu t  v o l t a g e ;  t h e  s e n s i t i v i t y  of t h e  gauge ( s t a t i c  

a s  w e l l  a s  dynamic c h a r a c t e r i s t i c s )  has  not  been inc luded  t o  g i v e  a  f o r c e  

l e v e l .  The magnitude of t h e  f o u r t h  c o e f f i c i e n t ,  w i th  fou r  s t a t o r  b l ades  

i n s t a l l e d ,  and t h e  magnitude of t h e  e i g h t h  c o e f f i c i e n t  w i t h  8 s t a t o r s  
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i n s t a l l e d ,  is  on ly  s l i g h t l y  l a r g e r  than  t h e  background l e v e l s .  The 

magnitude of o t h e r  c o e f f i c i e t i t s  such a s  t h e  t w e l f t h  a r e  sometimes 

g r e a t e r  than,  sometimes less than t h e  background. T h i s  i n d i c a t e s  t h e  

nagni tuae  of t h e  unsteady l i f t ,  and s i m i l a r l y ,  t h e  unsteady moment, i s  

not  sufficient t o  be resolved  from t h e  background. The magnitudes o f  

t he  unsteady l i f t  and moment a t  o t h e r  r o t o r f s t a t o r  spac ings  and inc idence  

were a l s o  to3  smal l  t o  be meaningful ly measured. 

These d a t a  i n d i c a t e  t h a t  t h e  p o t e n t i a l  i n t e r a c t i o n  is verv  small 

and, indeed,  n e g l i g i b l e  a s  compared w i t h  t h e  unsteady i n i e r s c t i o n s  caused 

by wake i n t e r a c t i o n s .  This  i s  based an  t h e  f a c t  cha t  t h i s  s t r a i n  gauge 

system has su i :ess fu l ly  measured t h e  unsLeady l i f t  and moment i n  a 

s p a t i a l l v  vary ing  inf low ( 1 6 ) .  



SUMMARY AND CONCL .ISIONS 

T5e purpose of t h i s  s t u e y  was t o  i n v e s t i g a t e  t h e  unsteady response  

of a s t a t o r  b l ade  caused by t h e  i n t e r a c t i o n  of  t h e  s t a t o r  w i t h  t h e  wakes 

of a n  upstream r o t o r .  A major p o r t i o n  of  t h i s  e f Z o r t  was t h e  development 

of  an instrumented s t a t o r  t c  a l low t h e  measurement of  t h e  unsteady 

p r e s s u r e s  on bo th  i t s  p r e s s u r e  and s u c t i o n  s i d e s  du r ing  such an  i n t e r -  

a c t i o n .  This development was s u r c e s ~ f u l 1 ~ -  completed and a s e r i e s  of 

t i isascements  were conducted t o  demonstrate  t h e  e:fect-., c ! f  (! ) r o t o r / s t * r l - r  

~pz.cing:, (2)  s t a t o r  s o l i d i t y ,  and (3) c i r c u m 2 e r e n t i a ~  ?-.-mean inc idence  

ang le  on t h e  unsteady p re s su re s .  

The fo l lowing  conc lus ions  a r e  dra.wn r ega rd ing  t h e  i n s t r u m e n t a t i m  

employed i n  t h i s  s tudy:  

1. The range of  p r e s s u r e  t r a n s d u c e r s  used i n  t h i s  s tudy  

was adequate  t o  measure unsteady p r e s s u r e s  on t h e  

b l a d e s  ~f t h e  Axia l  Flow Research Fan. The l a r g e s t  

peak-to-peak p r e s s u r e  genera ted  by a v i s cous  wake 

was $ / P w ~ ~  V = 7.25 which cor responds  t o  a va lue  of  

6 equa l  t o  2.75 cm o f  water .  The p r e s ~ u r e s  a c t u a l l y  

exper ienced  by t h e  t r ansduce r  were l a r g e r  than  t h i s  

va lue  due t o  t h e  presence  of p e r t u r b a t i o n s  which 

were no t  p e r i o d i c  w i t h  t h e  r o t o r  rpm. These 

p r e s s u r e  p e r t u r b a t i o n s  were e l i m i r a t e d  by ensemble 

averaging .  Peak-to-peak p r e s s u r e s  a s  emall  a s  

immax V - 0.25, which cor responds  t o  a va lue  of 

6 equal  t o  approximately 0.095 cm of wa te r ,  could be  

d i sce rned  i n  t h e  p l o t t e d  o u t p u t .  



2. The P i t r a n  pressure  t ransducers  were adequate to  

conduct the  required measurements. Severa l  d i s -  

advantages, however, i n d i c a t e  the  d e s i r a b i l i t y  of 

cont inuing t o  i n v e s t i g a t z  a l t e r n a t e  pressure  

transducers.  The most severe  disadvantage was t h e  

P i t r a n ' s  s u s c e p t i b i l i t y  t o  e l e c t r i c a l  in te r fe rence .  

Mmh e f f o r t  was spent (unsuccessfully) crying Lo 

t l i m i n a t e  40 Hz in te r fe rence  and high frequency 

electromagnetic pickup from the  SCR's i n  the  r o t o r  

and a u x i l i a r y  fan motor con:rcl lers.  The P i t r a n s  

were a l s o  very f r a g i l e  an3 suscep t ib le  t o  mechantcal 

damage; t t c  c a l i b r a t i o n  cons , n t  couid change i f  the  

blade was disassemblei  and reassembled. Addi t ional ly ,  

because of t h e i r  temperature :.A! . i t y ,  t h e  G. C:. 

output  of the Pitrari  must be e l e c t r i c a l l y  cancel led  

which means t h a t  the  time-mean pressure  cannot be 

measured. 

3. The ensemble-averaging technique employed was 

necessary t o  permit the  a n a l y s i s  of these  data .  

Random f l u c t u a t i o n s  and unsteady pressures  which 

a r e  not  per iodic  with t h e  r o t o r  can be success fu l ly  

e l iminated by t h i s  technique. 

4. The s t r a i n  gauge inetrumentcd r o t o r  b l rde  and 

assoc ia ted  s i g n a l  c o n d l t i ~ n i n g  d id  not have 

s u f f i c i e n t  sens i t lv iLy  zo measure t k e  r o t o r / s t s t o r  

p o t e n t i a l  i n t e r a c t i o n .  Base? on e a r l i e r  meaeure- 

ments wi th  t h i s  r o t o r  blade,  i t  is  concluded t h a t  



the  unsteady lift caused b y  p o t e n t i a l  i n t e r a c t i o n s  

i s  s i g n i f i c a n t l y  l e s s  than the  blade-wake i n t e r a c t i o n  

unsteady l i f t .  

5 .  The d i s t i i b u t i a n  of pressure  sensing p o r t s  should be 

more heavi ly  weighted toward the  leading edge of t h e  

b lade  s i n c e  the major changes i n  unsteady pressure  

occur a t  the  leading edge. 

6. The arrangement of a cavi ty-surface  t a?  was we l l  

s u i t e d  t o  measure the unsteady pressures .  The 

cavity-surface t ap  arrangement can be designed t o  

avoid c a v i t y  resonance problems. Thus, t h e  d i f f i -  

cul, t i e s  of using f lush-mount4 transducers on a 

curved surface  can be avoided, 

From the  msteady pressure  nreasurcments obta ined,  i t  is conclcded 

t h a t  : 

1. A major ef fecc  on the unsteady s t a t o r  pressure  is 

due t o  the s o l i d i t y  oZ the  s t a t o r  b l ~ t e  row. A t  a 

low s o l i d i t y ,  0.493, C k,ms WL-S ~ b s e r v e d  t o  be 

r e l a t i v e l y  i n s e n s i t i v e  t o  r o t o r j s ~ e t c r  spacing and 

s t a t o r  incidence angle.  A t  a  s o l i d i t y  of 0.986, 

t h e r e  are l a r g e  e f f e c t s  due t o  the  change i n  r o t o r /  

s t a t o r  spacing and incidence.  A t  t he  higher solid?-ty,  

the  blade-to-blade i n t e r a c t i o n s  have a l a r g e r  

con t r ibu t ion .  

2. There is  a p o s i t i v e  v a l ~ ,  of the  angle  a£ incidence 

that minimizes Cpms. Thlb agrees  wi th  t h e  trends 



predicted by both unsteady i s o l a t e d  a i r f o i l  and 

cascade analyses  i n  which the  e f f e c t s  of angle of 

a t t a c k  a r e  considered. 

The range of r o t o r / s t a t o r  spacing inves t iga ted  has 

a weak inf luence on Cpms. CpmS was s l i g h t l y  

higher a t  a  spacing of two chord lengths .  This 

i n d i c a t e s  a minor change i n  the  wake c ! m r a c t e r i s t i c s  

i n  t h i s  range of r o t o r / s t a t o r  spacing.  

The phase angle  of the unsteady p ressure  f l u c t u a t i o n s  

on the  b k d e  shows s i g n i f i c a n t  v a r i a t i o n  on t h e  

suc t ion  su r face  while being r e l a t i v e l y  constant  on 

the pressure  surface .  With inc reas ing  angle  of 

incidence,  the  v a r i a t i o n s  on the  sllc t i o n  su r f  ace  

become much l a r g e r .  I t  is suspected t h a t  t h i s  is  

due t o  l o c a l  flow separa t ion .  

The d i f f e r e n c e  i n  phase angle  between the  suct ion 

and pressure  su r faces  of the  bladea is approximately 

180 degrees a t  the  leading edge of the  blade and 

tends t o  zero degrees a t  the t r a i l i n g  zdge. 

The Kutta condi t ion can be s a t i s f i e d  a t  the  t r a i l i n g  

edge of the  b lade  by the  ex i s t ence  of a nonzero value 

of pressure  on t h e  suc t ion  and preseure aur faces  of 

the  blade. In  t h i s  case ,  the  su r face  p ressures  a r e  

i n  phase and equal  i n  magnitude, thus  g iving a zero 

pressure  d i f f e r e n c e  a t  t h e  t r a i l i n g  edge. This is  

d i f f e r e n t  than the  a v a i l a b l e  t h e o r e t i c a l  analyses  

which s t a t e  t h a t  the  pressure  on each su r face  is  zero 

and 180 d2grees ou t  of phase a t  the t r a i l i n g  edge. 
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Several  observat ions  concerning t h e  t h e o r e t i c a l  p red ic t ion  by Meyer 

(7) and Lefcor t  (9), which were compared wi th  the  experimental d a t a ,  a r e  

made : 

1. The p r e d i c t i m  t h a t  t h e  unsteady pressures  or. opposi te  

s i d e s  of the  blade a r e  180 degrees ou t  of phase is  

c o r r e c t  near t h e  leading edge a t  low values  of 

incidence angle.  

2. The p red ic t ion  t h a t  the  unsteady pressure  on opposi te  

s i d e s  of the  b lade  a r e  180 degrees o u t  of phase is  

only t r u e  a t  low values of incidence and near the  

leading edge of the  blade,  The phase angle between 

pressures  on opposi te  s i d e s  of the b lade  changes 

s i g n i f i c a n t l y  with incidence angle .  The p red ic t ion  

t h a t  the  pressure  d i s t r i b u t i o n  is s i m i l a r  st a l l  

times is approximately t r u e  on the  pressure  s i d e  of 

the  b lade  and approximately t r  te on the suct ion s i d e  

of the  blade,  but  only near the leading edge a t  low 

values  of incidence. Discrepancies from the  pre- 

d i c t i o n  inc rease  wi th  increas ing incidence angle  

and Fncreasing d i s t a n c e  from the  leading edge. 

3.  The predic ted  unsteady pressure  c o e f f i c i e n t  is 

approximately one-half the  measured unsteady 

pressure  c o e f f i c i e n t .  This observat ion i s  t h e  

opposi te  of t h a t  observed by Ostdiek ( 2 4 )  f o r  a 

cascade of a i r f o i l s  a t  low reduced frequency. 

However, the  measured valuer  o f  unsteady pressure  

c - e f f i c i e n t  appear t o  approach t h e  predic ted  values  

a t  zero s o l i d i t y .  



4 .  The p red ic t ion  t h a t  suct ion and pressure  s i d e  unsteady 

pressures  a r e  equal  i n  magnitude was only found t o  be 

t r u e  only a t  x /c  = 0.02 with  an incidence of  -2 

degrees and s o l i d i t y  of 0.386 and approximately t r u e  

a t  these  a t  x /c  = 0.02 with a s o l i d i t y  of 0 . 4 9 3 .  

There were l a r g e  d i f f e r e n c e s  a t  o the r  values  of  

incidence and x/c.  This implies t h a t  t h e o r e t i c a l  

analyses based on a t h i n - a i r f o i l  a n a l y s i s  can only 

be used t o  p red ic t  the  d i f f e r e n c e  i n  pressure  between 

t h e  suct ion and pressure  su r faces  and not the  pressure  

on each surface .  



Based on the experience m d  r e s u l t s  obtained i n  conducting t h i s  

study, t h e r e  a r e  severa l  reconrmendation~ which a r e  p e r t i n e n t  t o  f u r t h e r  

research conducted regarding the  unsteady response of an a x i a l  flow fan 

t o  s p a t i a l  i n l e t  flow d i s t o r t i o n s .  These a r e :  

1. The inves t iga t ion  of the  response of a s t a t o r  t o  the  

wakes of an upstream r o t o r ,  while being a very i m p ~ r -  

t a n t  problem, does not represent  a "clean" exper i sen ta i  

se tup.  A s  a r e s u l t ,  i t  is d i f f i c u l t  t o  draw hard 

conclusions regarding the  inf luence of var ious  

geometrical  and flow c h a r a c t e r i s t i c s  on t h e  unsteady 

response of the  a x i a l  flow fan blades .  A much "cleaner" 

experiment11 se tup is  t h a t  employed i n  Reference (16) 

with a r o t a t i n g  blade row and s impl i f i ed  s inuso ida l  

s p a t i a l  d i s t o r t i o n s .  

2. The d e t a i l e d  measurement of unsteady p ressures  on 

the  blades of an  a x i a l  flow fan represent  a necessary 

piece  of experimental d a t a  t o  permit the  determination 

of unsteady fan design da ta .  Such d a t a  a r e  a l s o  

important i n  the  development of a knowledge of t h e  

boundary l a y e r  and wake on a blade  which experiences 

an  unsteady i n t e r a c t i o n .  It is necessary then t o  

conduct a d d i t i o n a l  measurements of t h e  unsteady 

p ressurzs  i n  a t e s t  se tup  s l m i l a r  t o  t h a t  employed 

i n  (16),  i . e . ,  a r o t o r  blade i n t e r a c t i n g  with the  

simple s i n u ~ o i d a l  s p a t i a l  d i s t o r t i o n .  



3. The in s t rumen ta t ion  develonmented conducted i n  

t h i s  s t u d y  should be extended t o  provide  a  r o t o r  

b l ade  on which unsteady p r e s s u r e  d i s t r i b u t i o n  can  

be  measured. The same b a s i c  technique  should be  

employed, except  d i f f e r e n t  p r e s s a r e  s e n s o r s  which 

a r e  l e s s  f r a g i l e  and tempera ture  s e n s i t i v e  should 

be employed. 

4. E f f o r t s  should be made t o  develop an unsteady 

cascade  a n a l y s i s  which w i l l  p r e d i c t  t h e  unsteady 

p re s su re  d i s t r i b u t i o n s  whi le  i n c l   ding t h e  

i n f luence  of s o l i d i t y ,  s t a g g e r  ang le ,  camber, 

t h i c k n e s s  and ang1.e of i nc idence .  Tlds  a n a l y s i s  

should no t  be r e s t r i c t e d  t o  t h e  p r e d i c t i o n  of t h e  

p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  b l ade ,  bu t  should 

provide  t h e  p r e s s u r e s  on each  s i d e .  The e f f e c t s  

of t h i n  wakes such a s  s t u d i e d  by Meyer ( 7 )  and 

Le fco r t  (9)  should a l s o  be inc luded .  

5. A f t e r  v e r i f i c a t i o n  or t h i s  a d v x c e d  a n a l y s i s  by 

e x p e r i m e ~ t s ,  i t  should be used t o  o b t a i n  unsteady 

des ign  d a t a  which demonstrate  t h e  In f luence  of 

b lade  geometry and f t s w  c h a r a c t e r i s t i c s .  

6 .  Experimental  d a t a  should be  ob ta ined  which 

demonst ra tes  t h e  behavior  of t h e  b l ade  boundary 

l a y e r ,  i . e . ,  t r a n s i t i o n  and s e p a r a t i o n ,  du r ing  

t h e  i n t e r a c t i o n  o f  t h e  b l ade  wi th  a  s p a t i a l  

d i s t o r t i o n .  Such measurements could be ob ta ined  

wi th  f l u s h  mwnted  hot - f i lm senso r s .  Add i t i ona l ly ,  



time varying measurements of the blade boundary layer 

p r o f i l e  and wake should be obtained t o  provide a 

better  description of the unsteady blade interaction 

problem. 
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APPENDIX A 

THEORETICAL RESPOKSE OF TUBE- 1. ITY SYSTPfS 

The i h e o r e t i c a l  a n a l y s i s  of a tube-cavity system h i s t o r i c a l l y  began 

wi th  t h e  c l a s s i c  resonator  analogy. Similar  t o  a mass on a massless 

spr ing,  the  s i g n i f i c a n t  f lu12 mass is assumed concentrated i n  the  tube 

of the  resonator ,  and the volume of the  c a v i t y  a c t s  a s  a massless sp r ing ,  

Figure A-1. This system is commonly known a s  a :?-l?nholtz resonator .  The 

resonant frequency is  given i n  var'oiis references ,  e .g. ,  (26) a s  

where d is the  tube diameter,  c  is the  speed of sound, L is  the  tube 

length  and V is t h e  cav i ty  volume. The end c o r r e c t i o n ,  E,  is ad!ed t o  

account f o r  the  motion of the  f l u i d  o u t s i d e  the  tube. The end cor rec t ion  

is  general ly  taken a s  0.3d. 

Als te r  (27 )  improved the bas ic  model by consider ing the e f f e c t s  of 

motion of mass p a r t i c l e s  i n s i d e  the  c a v i t y  and was a b l e  t o  show the  

resonant frequency depends on the shape of th* i n t e r i o r  cav i ty .  

Hersh and Rogers (28) have an exce l l en t  d iscuss ion of the  progress 

made i n  t h e o r e t i c a l  a n a l y s i s  of tube-cavity systems and of o r i f i c e s .  The 

behavior of an  o r i f i c e ,  s i m i l a r  t o  a tube-cavity system having a tube of 

neg l ig ib le  length ,  is  f requen t ly  described i n  terms of i t s  impedance. 

Impedance is a co~.plex quan t i ty  c o n s i s t i n g  of r e s i s rance  and reactance.  

The magnitude of impedance i s  given by the  r a t i o  of c sv f ty  pressure  t o  

the  o r i f i c e  ve loc i ty .  For o r i f i c e s ,  two regimes may be considered.  I n  

the 1:near regime, which ~ x i s t s  a t  lw dr iv ing  pressures ,  the  reactance 

por t ion of the  impedance is much g r e a t e r  than the  res i s t ance .  The o r i f i c e  
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impedance i s  e s s e n t i a l l y  independent of i n c i d e n t  p re s su re .  In  t h e  aon- 

l i n e a r  regime, a t  s u f f i c i e n t l y  h igh  d r i v i n g  p re s su re ,  t h e  f l u i d  s e p a r a t e s  

a t  t h e  o r i f i c e  and forms a  j e t .  The o r i f i c e  impedance can be r e l a t e d  t o  

a  time-average d i scha rge  c o e f f i c i e n t .  Althoush t h e s e  r e s u l t s  a r e  not  

d i r e c t l y  a p p l i c a b l e  t o  tube-cavi ty  systems, i t  i s  reasonable t c  expect  

some s i m i l a r i t i e s  between the f l u i d  mechanics of  o r i f i c e s  and of tube- 

c a v i t y  systems. 

I b e r a l l  (29) der ived  the  cube-cavity r e q o n s e  us ing  t h e  equa t ions  

of momentum, energy,  c o n t i n u i t y ,  and s t a t e .  The flow is assumed laminar 

everywhere i n  t h e  system wi th  smal l  s i ~ u s o i d a l  p r e s s u r e  v a r i a t i o n s .  

Expansions were assumed po ly t rop ic  and t c b e  l e n g t h s  a r e  long compared t o  

any tube r a d i u s .  Bergh and Tijdeman (30) extended t h i s  a n a l y s i s  t o  a  

s e r i e s  of connected tubes  and c a v i t i e s .  

The r e s u l t s  of Zbe ra l l  and Bergh and Tijdeman a r e  used i n  t h i s  

f n v e s t i g a t i o n .  These ana lyses  do not  y i e l ?  s imple expres s ions  and, 

t h e r e f o r e ,  a r e  not  reproduced here .  The resonanc frequency p red ic t ed  by 

I b e r a l l ,  by t h e  c l a s s i c a l  Helmholtz r e sona to r  t heo ry ,  and the  resonant  

frequency i n d i c a t e  by dynamic c a l i b r a t i o n  a r e  shown i n  Figure  14. The 

u n c e r t a i n t y  of t h e  resonant  frequency i n  t h e  dynamic c a l i b r a t i o n  ind ica t ed  

i n  Figur ' 5  is  on ly  a  rough e s t i m a t e  based on t h e  increment i n  d r i v i n g  

frequency used i n  t h e  dynamic c a l i b r a t i o n .  Despi te  wave r e f l e c t i o n  

e f f e c t s  mentioned i n  t h e  d i s c u s s i o n  o f  t h e  c a l i b r a t i o n  se tup ,  t h e  resonant  

f r equenc ie s  i n d i c a t e d  by t h e  dynamic c a l i b r a t i o n  ag ree  reasonably  w e l l  

w i t h  t h e  v a l u e s  p red ic t ed  by Helmholtz and I b e r a l l .  The dynamic s e m i -  

t i v i t y  of t h e  P i t r a n  t r ansduce r  at low f r equenc ie s  i s  gene ra l ly  w i t h i n  

2 dB of t h e  s t . a t i c a l l y  determined va lue .  

The presence  of flow p a r a l l e l  t o  t h e  b l ade  s u r f a c e  i n f l u e n c e s  the  

tube-cavity response.  The momentum of t he  tube  inf low o r  out f low 
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i n t e r a c t s  with the  momentum of the  p a r a l l e l  flow pas t  the  blade. 

Baumeister and Rice (31) used t h i n  streams of  dye t o  observe s t reamlines  

i n  the  p a r a l l e l  flow and i n  t e  tube flow. The p a r a l l e l  flow can a c t  

t o  r e s t r i c t  t h e  tube outflow, or  t h e  s t reamline  from the  p a r a l l e l  flow 

can cen te r  +he tube during inflow. Thus, flow condi t ions  a r e  d i f f e r e n t  

f o r  inflow and outflow. Rogers and Hersh (32) modeled the  e f f e c t  of  a  

flow p a r a l l e l  and o r i f i c e  sub jec t  to  high pressure  l e v e l s  and found good 

agreement wi th  exper imentd  da ta .  

Groeneweg (33) shows predicted and experimental d a t a  f o r  r e s i s t a n c e  

of a  Helmholtz resonator  versus Mach number of the  p a r a l l e l  flow, Figure 

A-2. For condi t ions  genera l ly  encountered i n  the  AFRF, Mach number l e s s  

than 0.06, t h e  e f f e c t  was smal l .  

Tijdeman and Bergh (34) presented s i m i l a r  da ta .  They a l s o  nodeled 

the  e f f e c t  of the  p a r a l l e l  flow and developed an expression descr ib ing 

the  response of the tube-cavitv i n  the  presence of p a r a l l e l  flow. Using 

an experimentally determined c o e f f i c i e n t ,  good agreemen 'as < ~ u n d  

between theory and experiment, Figure A-3. The e f f e c t  f o r  condi t ions  

encountered in  t h i s  inves t iga t ion  is small .  
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Figure A-2.  Orif ice  Resistance Ratio v2rsus Mach Number ( 3 3 )  
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NOTE: INPUT FREQUFNCY I S  APPROXIMATELY 
ONE HALF OF RESONANT FREQUENCY 
FOR THE CONDITION SHOWN 

Figure A-3. Mach Number Ef fec t s  on Cavity-Tube Response ( 3 4 )  
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